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This is a systematic study of the hydrogen bonding of hydroxyl 
groups in mon-polar solvents by the infrared spectroscopic method« 
Over thirty new combinations of alcoholic proton donor and proton 
acceptor have been shorn to be amenable to study in the vapour 
phase» Previously fever than a half dozen had been examined*
Values of the hydroxyl frequency shift on association (Av) and 
the half-intensity band-width (v̂ .) of the association band are 
reported for measurements in the vapour and in carbon tetrachloride 
solution* Values of Av in the vapour phase were found to obey a 
simple product rule
Av * Bg*Ag
'where Dg and Ag represent characteristics of the proton donor and 
acceptor respectively* A similar result for corresponding 
measurements on alcohols and phenols in carbon tetrachloride 
solution was obtained, the difference from the vapour measurements 
being the location of the origin in the quadrant where (~x = -y)*
It is show* for alcohols and phenols that there is a corresponding 
simple enthalpy product rule,
AH « ■ D^*A^
where AH is the enthalpy of hydrogen bond formation, and there 
is linear correlation between Bg and D^, the slope of which 
yields values of the constants of proportionality in the 
relationship between AH and Av* Knowledge of the enthalpy
change for any given acceptor with (say) phenol enables estimation 
(to within - 0*5 kcal mole^) of AH for the association of the same 
acceptor with a given alcohol or phenol«
The values of both in the vapour and in solution fall into 
classes related to the type of proton acceptor and experimental 
support is offered for the thesis that the values are directly 
related to the spread of charge of the lone electron pair on the 
proton acceptors«
Some frequency shift studies of the proton accepting capacity 
of the hydroxyl group in alcohols have been made« It is 
demonstrated for ten alcohols that the sum of the proton 
accepting ability, measured in terms of Av(OH) of p-nitrophenol 
and the proton donating ability, measured as Av of the alcohols 
associating in turn with a proton acceptor, is constant, akin to 
the relationship pKft ♦ pK^ = constant«
Techniques have been devised for measurement of the 
thermodynamic functions AG°, A ^  and AS0 of association of 
several alcohols associating with a proton acceptor in the 
gas-phase« The same systems were also examined in a range of 
solvent (carbon tetrachloride, 1,1,2-trichloro-1,2,2-trif luoroethane 
and n-heptane) to observe the influence of environment on the 
association process« It was found that an isoequilibrium 
relationship exists for these systems«
ill#
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Theoretical chemistry has reached a stage where the most prominent 
features of chemical binding may be accounted for in small molecules* 
Depending upon the symmetry, systems of a half-dozen and more atoms are 
amenable to study by modem wave mechanical methods, which lean heavily 
on the availability of detailed spectroscopic data about the energy 
levels (1)o Calculations may be made concerning ground state and 
adjacent levels in respect of properties such as interouclear distance, 
ionization potential, hybridization, bond angles, dipole moment and the 
spread of electronic charge* There are still gaps, as exemplified by 
the absence of calculations on the "size” of a lone electron pair* 
Ihtermoleeular interactions on the other hand result from the close 
approach of one molecule to another and are second order effects so 
minor as to have little appreciable effect on the gross features of 
molecular structure and energy* Hence a different approach is required 
in the study of molecular environment* The methods are less clearly 
defined because the nature of the problem is more obscure* It is 
possible that all the likely contributory causes have already been 
named but the task is complicated by their number and uncertainty of 
influence in both kind and degree (2)* Broad factors considered 
include the influence of dispersive, inductive and repulsive forces 
manifest in such properties as bond and dipole moments, polarizability 
and geometrical factors of intermolecular distance, orientation,
conformation etc* As in most studies, the development of understanding 
is seen to progress with a coordinated approach to theory and
3 0009 02987 5569
2«
experiment, together providing for the testing of theories by 
appropriate experimental design* Theory has as much scope as the 
imagination, limited only by current mathematical techniques* It 
frequently happens, however, that the most desirable experimental 
means cannot be applied to the problem, perhaps because of dominating 
factors in the chemical system, and indirect methods have to be used*
It is also true that while a large number of parameters may be 
simultaneously involved in calculations, experimental error will 
usually take toll of any in excess of two or three* Such limitations 
certainly apply to studies of molecular association and for this 
reason most experimental measurements and some theoretical treatments 
have been confined to well-defined energy changes associated with 
molecular vibrations, electronic energies, nuclear magnetic moments etc* 
This has been necessary because of the theoretical dependence on well 
knom  potential functions in terms of which the assignment for the 
spectral transition is made* It may then be possible to make 
interpretation of iatermolecular phenomena on the basis of such a 
model*
It would appear logical to investigate first those systems where 
the greatest interaction energies are involved, thus taking advantage 
of the proportionately smaller experimental errors* Such would appear 
to be the main path of history* Hydrogenie and carbonyl systems, 
possessing force constants and reduced masses that place the vibrational 
frequencies apart from most others, have proved the stamping ground for 
many studies* However, the greatest interactions occur with protons in
3*
what is well known as the hydrogen bond, properties and research on 
which are extensively documented by G. 0« Pimentel and A* L* McClellan 
(3)* There are suggestions (4) that adequate interpretation of the 
numerous empirical relationships that exist about this phenomenon will 
contribute enormously to understanding of more general and weaker 
interactions« This thesis is primarily concerned with properties of 
the hydroxyl group in alcohols and phenols and brief indication of some 
related properties may illustrate the situation«
The bulk of such studies have been made in solvents having high 
infrared transmission and hence excluding some interesting cases of 
highly polar character« In essentially non-polar media, e«g« carbon 
tetrachloride, the following types of phenomena have been observed#
For any given reaction series of alcohols or phenols interacting with 
a given proton acceptor general linear proportion between any two of the 
following has been foundz
AG (free energy change on association)
Av (the lowering of hydroxyl stretching frequency on association) 
v (the free hydroxyl stretching frequency for phenols)
(the half-intensity band-width of the association band)
B° (the integrated area of the »free* monomer band)
B3, (the integrated area of the association band)
£  or (Hammett or Taft sigma values) 
pKa (acid ionisation constant in water) 
and correlations between %v and the 0-H«««0 hydrogen bond »length* as 
well as Av and the 0-H bond length in the solid state« Correlations 
between Av and AH (enthalpy of hydrogen bond formation) have been the
4*
subject of debate for some time# This list is by no means complete 
but it serves to illustrate the variety of features of which account 
must be made# Values of v may be calculated on the basis of the
A flsimple harmonic potential function; B and B are directly related 
to the square of the dipole moment gradient with respect to 
intemuclear distance# Correlations of M ,  6] 6* and pKaillustrate 
parallel behaviour related to substituent influence on the OH group 
polarity in a variety of solvent media# The high linear correlations 
between so many terms having different origins suggests perhaps a 
common source yet to be clearly identified# However* it is clear 
that further examination of these systems is necessary to attempt 
classification of the issues involved#
This work has been restricted to infrared spectroscopic studies 
of association because this was the principal instrumentation readily 
available to the author# Deliberate attempts were made to extend 
both the traditional techniques and concepts using limited facilities# 
Other work on acid ionisation of phenols was undertaken concurrently 
with members of the College staff both as a source of stimulation and 
for discussion#
The thesis is presented in three main parts representing 
related areas of hydrogen bonding of alcohols and phenols# Part I 
is a comparative survey of the association of alcohols with proton 
acceptors in the gas phase and in solution (33 systems) and is 
the most comprehensive made to date# Previously only isolated 
examples had been recorded in the literature# Using 
techniques introduced by the author further work in
5#
this area should be possible as it provides tbe means of studying these 
specific hydrogen bond interactions in what is a virtual reference state 
for solvent and medium effect studies«
Part II is a study of the influence of various factors on the 
frequencies of hydroxyl vibrators in carbon tetrachloride solution«
A careful examination of the application of Werner^ product rule (5) 
to aleohols and phenols in carbon tetrachloride and the effeet of this 
solvent is discussed« The co-existence of product rules for both 
frequency shift and enthalpy change has been established for the first 
time enabling estimates of both Av and AH to be made for new systems 
on the basis of the present results« A new approach to the explanation 
of the half-intensity band-width of association bands is offered by 
illustration of the dependence of on the 8 spread 8 of electronic 
charge on eertain proton acceptors« The proposals offer scope for 
further experiment« Other new work concerns examination of the proton 
accepting ability of the hydroxyl group, again measured on a frequency 
shift basis and evidence is given for the existence of separate positive 
relationships between Av and pKa for the association of alcohols and 
phenols«
Part III is a study of the effect of environment on the 
thermodynamic properties of hydrogen bonding commencing with exploration 
of a technique appropriate to thermodynamic studies of gas-phase 
association of alcohols« Further conventional measurements on the same 
systems in a range of solvents were made and are discussed«
©#2 INSTEOMENTATION 
0#2#1 Spectrometer#
Tbs infrared spectroscopic measurements in this thesis were carried
out using a Perkin-Elmer Model 99 prism monochromator made available for 
the work# This was provided with a General Electrie regulated 115 TAG, 
500 V#A., power supply and Broun potentiometer recorder of 10 millivolt 
span# To this was added a Perkin Elmer Model 107 amplifier and 
pre-amplifier# The gear-box (from a Perkin-Elmer monochromator model 
126) m s  replaced with another having electro-magnetic gear selection#
A new gear box control was designed and constructed on an aluminium
c
ehasis# Whereas the Perkin-Elmer control used relays for switching, this 
unit was assemble d using heavy duty Cutler Hammer switches obtained from 
Manufacturers Special Products (Sydney)# Direct current for the coil 
operation was obtained using a BX2-13 silicon reetifier with a 1 6 ^ P  
condenser as a#e# by-pass# Recorder chart and pen control switching 
was re-located on this panel along with the double-pass chopper 
modulator switch# The instrument was re-focussed using standard 
techniques# The ehopper-reetifier was dismantled, cleaned, the 
contacts honed, lubricated, assembled and re-phased# The globar 
source assembly was completely rebuilt (by W#U«G# Workshop)# Globars 
of reduced central diameter were prepared and the ends dipped in 
molten silver to provide good electrical contact and stability# The 
globar was connected in series with a bank of barretter tubes, so 
the source was stabilized with respect to both current and voltage#
7*
Further modifications to the instrument are described in experimental 
sections in the body of the thesis*
A standard Perkin-Elmer thermocouple (15 ohms) was used with a 
72° lithium fluoride prism* For most 'work a slit width of 120 microns 
tos chosen to give signal to noise acceptable for good analytical 
precision under conditions where proton acceptors absorbed appreciable 
energy* From the manufacturers details this corresponded to a 
spectral slit-width of approximately 5 cm at 3600 cm""1 in the region 
of the OH fundamental* Calibration was effected with water and ammonia 
vapour and checked by the water vapour absorption present on each trace*
f  « iOn sharp bands an accuracy of - 1 cm could be achieved but on broad
-1association bands the error may be as high as 5 cm •
0*2*2 Thermostats
A conventional thermostat of 3-litre capacity was constructed for 
use from approximately 20° C upwards* This was regulated by a Jumo 
contact thermometer (l5°-45° generally) connected to the hot-wire switch 
of a Sunvic relay (thyratron operated) that controlled the heater (75 
watt light-globe)* For higher temperatures the container was wrapped 
with heating tape connected to a variable transformer acting as 
continuous heat source* This thermostat was fitted with an immersion 
type pump stirrer for circulation to spectrophotometer cell—holders* 
A refrigerated thermostat of 15-litre capacity was designed and 
constructed jointly by the author and the Service Division of Eric 
inderson Pty* Ltd* (Wollongong)* Several designs were tried, the
Fi y. 0-1
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final one using a ̂  h*p* sealed unit which would have been capable 
of freezing the aqueous contents in about four hours (Fig* 0*1 )♦ 
This unit could be operated using either a differential pressure 
regulator (which was also the overriding safety device), or by 
electronic relay through a Jumo contact thermometer* Frequently 
the cold tank was used as a heat sink only*
©«2*3 Computer*
Calculations were made using the amplified I 9 M 6 2 ©  computer 
at Wollongong University College* This instrument provided 60K 
of core storage and included four tape units* ©ut-put was either 
by punch or direct typing at the computer console* Programmes 
drafted specifically for this work are included in Appendices 1-3*
PART I
THE ASSOCIATION OF ALCOHOIS 
IN SOUJTION AND IN T B
VAPOUR PHASE
1.1 mummcTiw
Studies of association have been attempted on gases and vapours 
by numerous methods many of which have leaned heavily on the assumption 
that departure from ideal behaviour arose principally from the process 
of hydrogen bondingo For example, carbon dioxide, esters and 
acetaldehyde all exhibit dimérisation constants of the same order as 
for water, alcohols and amines, when measured in terms of the second 
virial coefficient obtained from Berthelotfs equation of state (6)#
On a molecular level it is obvious that these mechanisms must be 
distinctly different# Both the N#M#E# and infrared spectroscopic 
techniques provide ready means to make such molecular distinction by 
virtue of their respective capacities to reveal group characteristics 
that are sensitive to the local environment# For example, in this 
work the absorption of infrared radiation by the hydroxyl group has 
been used as a measure of the interaction of this molecular segment 
in the association process#
Careful vapour density measurements of tfeltner & Pitzer (?) 
showed that association occurred in methanol vapour, however, it was 
not until 1956 that clear spectroscopic evidence was recorded (8)# 
Numerous studies of association in the vapour state have been made 
involving the hydrogen (and deuterium) halides (9—14) while other 
measurements have included hydrogen cyanide (15)> trifluoroacetic 
acid (16, 1?) and nitric acid (18, 19)# Ho systematic attempt, 
however, hn# been made by spectroscopic methods to study the
r u
association of a range ©f alcohols in the gas phase although many 
instances of such association have since been reported for 
methanol (8, 20-25)«
produc^wh±ch°has associa^e ulth proton acceptors to form a
broad band in the 2000—4000 cmT^ region having PQR form but without
further fine—structure» nubile similar bands characteristic of the 
vapour occur with HCN and mo^. The association bands of methanol
are simpler and resemble in appearance the spectra of the condensed 
phase«
Studies of intermolecular interaction in the vapour phase 
between t w  molecules possessing proton donor and proton acceptor 
characteristics could be important» however» as sueh measurements 
eliminate solvent contributions» the extent of which is otherwise 
difficult to gauge« Results are presented below of a study of the 
association of 3S systems in the vapour phase together with similar 
data for the same systems in carbon tetrachloride solution« These 
comprise a range of volatile alcohols of varying proton donor 
properties interacting with representative acceptors« The quantities 
compared» expressed in cm , are the free hydroxyl valence 
stretching frequency (v)» the frequency shift (Av) produced on 
hydrogen bonding and the half-intensity band-width of absorption 
bands (y^)#
.......... ~ -  " " .....l/j ~ ~ ....................: ~ ............ ~  ~ ...... ~ ~"Tx Although the unit cm refers to the wavenumber» the name
^frequency” is widely used» especially as f,frequency shift11«
The name frequency is therefore used throughout this thesis«
M
FIGURE 1.1
G gas cell S silica gel train
B boltneck flask M to mechanical pump




Optical arrangement for the 40 cm., gas cell.
1-3
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1 «2 EXPERIMENTAL 
1*2+1 Vapour measurements •
Conventional gas-cells of 10 cm length and folded-path cells 
of 40 cm and 1 metre optical path were used at a temperature of 
27 - 1°G* Each cell was fitted with inlet and outlet tubes for 
evacuation and admission of samples* Acceptors were admitted as 
vapours from a gas handling system* The alcohols were introduced 
directly into the cells through a septum by injection using a 
graduated microlitre syringe* All cells were adapted for connection 
to the gas handling system which was arranged as shorn schematically 
in Fig* 1*1 and pictured in Fig* 1*2+ Since no glass-blowing 
facilities were available it was successfully constructed from 
laboratory oddments* The whole system was evacuated and liquid 
acceptor was introduced to the short burette connected to the 
bolt-neck flask* On admission of a small quantity (2 ml) the 
flask filled with vapour some of which could then be transferred 
to the gas cell* Once in the cell the acceptor pressure could be 
reduced as required by expansion into the vacuum ballast*
Indication of the extent of this reduction was generally obtained 
from variation of the level of background absorption, or, for 
carbonyl compounds, from the intensity of the 2vco absorption*
The bulk of measurements were made using the ¿fi cm path cell 
pictured in Fig* 1*2* This cell was constructed from a T-piece of 
industrial pyrex, the rounded receptor ends being ground fiat for
Fiq. 1-4
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adhesion of rock-salt plates as window« Rubber and plastic tubing 
uere round around the body to permit circulation of water from the 
thermostat« The physical length of this cell was 20 cm# (inside) 
with an internal diameter of 5 cm« This necessitated complete 
rearrangement of the source assembly as shown in Figs« 1«3 and 1«4# 
The globar was replaced by a Grubb-Parsons Nermst filament source« 
This was completely reconstructed to match the optical bench of the 
spectrometer« The outside metal case was water-cooled and an 
,finfrasilB quartz window was attached to offset the instability 
created by connection« An epoxy slab, cast into the junction of 
the spectrometer base* was drilled and tapped to hold the Perkin- 
Elmer plane source mirror« The source sphere was rotated into an 
'’on-axis11 position for the complete optical alignment (Fig« 1#3)+
A constant voltage transformer supplied 11© V#A*G# to a Variac 
variable transformer from which the Hernst was operated in series 
with a bank of barretters to stabilize the current# The filament 
m s  rendered conductive by heating with a microbunsen burner# Fig« 
1#5 gives an indication of experimental conditions without samples# 
Generally, spectra were recorded as follows# Each alcohol was 
first examined alone over a range of concentrations up to saturation# 
In only two cases was self-association observed (methanol and 
2, 2, 2, -trifluoroethanol, henceforth abbreviated T«F#E») but 
concentrations below these association levels were selected for 
measurements of the proton donor-acceptor type of association under
Investigation* 3h such studies the gas cell was first charged with
the acceptor species to the extent of approximately half of its
saturated vapour pressure* This spectrum was recorded as the
Inline where the particular alcohol exhibited no general absorption
in the region of the association band# An amount of alcohol was
then injected into the cell resulting in the appearance of both
monomer and association bands (the X-line)* All spectra were
plotted in percentage transmission or absorbance to yield the band
contours# In cases where there was general absorption by alcohol
e*g# t-butanol* correction had to be made by subtraction of this
absorbance from the X-line* The lack of fine-structure was an
advantage especially where considerable overlap occurred with the
monomer band* In the case of carbonyl compounds the presence of
the 2v absorption created some uncertainties in measurement of . c—o
peak and half-widths* This was particularly the ease with
acetone and may be the reason for the scatter of points at about 
140 cm"* on the ordinate in Fig* 1*7#
Saturated vapours were found to give unreliable spectra and 
were generally discarded# Such cases arose where the vapour 
pressure of the associated complex was substantially lower than 
that for either component* so that condensation occurred on 
mixing#
Both the monomeric OH absorption band and the association band 
were carefully studied in order to determine Av* In most cases the 
monomer band contours were symmetrical about the band centre* The
14«#
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peak frequency for the diaerie self-association band of methanol 
was obtained by subtracting the absorbance of 75 J*1 liquid 
methanol evaporated into the 40 am cell, from three times the 
absorbance of 25 JÜL in the same cell# Saturation vas reached 
at about 75 J*1 of sample«
1 »2*2 Solution measurements«
Solution speetra were recorded in the usual way with 1«00 cm 
cells and at a temperature of 25°C* Alcohols were used at a 
concentration level too low for self-association to appear while 
preparation and handling of solutions m s  conducted under anhydrous 
conditions in a dry box« It m s  not possible to study the 
association of propargyl alcohol with acetone due to the overlap 
of the association band by the 2 v ^  of acetone and the v 
of the alcohol«
1 «2«3 Materials«
The acceptors were spectroscopic quality solvents dried as necessary 
over molecular sieve« The alcohols were speetroscopie grade or were 
good commercial samples, distilled and dried with molecular sieve« 
Garbon tetrachloride was refluxed with dried and
stored in bottles in a desiccator containing
Fi 9 h  6
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1.3 RESULTS
Frequency measurements in the vapour state are presented in 
Table 1 *1 which includes the monomeric hydroxyl frequency of each 
alcohol and the frequency shift (Av) on complex formation, 
appropriate to each of the proton acceptors« The approximate half­
intensity band-widths (y^) are presented in Table 1«2# Results of
corresponding measurements in CGI. solution make up Tables 1«3 and4
1 *4» The pattern of the interaction and the appearance of the 
spectra were very similar to those in solution« One obviously 
different feature, however, m s  the appearance of the vibration­
rotation envelope for the monomeric hydroxyl group, especially for 
the smaller molecules« The alcohols, with one exception, showed 
varying evidence of PQR structure, the Q branch having the highest
absorption« Propargyl alcohol exhibited no Q branch, appearing
' «
only as a doublet the centre of which m s  at 3663 cm"1 (Fig« 1.6)«
The association band, where its contour could be established 
(Table 1 «2) m s  generally of simple form, not necessarily 
symmetrical but without a suggestion of PQR type structure«
Fig« 1,6 is a typical example« However, where T#F«E, hydrogen 
bonded to acetone double bands were observed (Fig# 1«6) having
the appearance of two comparatively broad overlapping association 
bands« Variation of experimental conditions repeatedly indicated 
that this result should be attributed to the association between 
this alcohol and acetone and not to additional self-as so dation«
TABLE 1#1 - Monomer frequencies (caT1) and frequency 
shifts (Av cm ) for association in the 
vapour phase at 27°C#
»1
Alcohol: t-butanol ethanol methanol prepargyl T*F«P#a m 13* TP  ̂1 •£ «<£»•
Monomer 3646 3675 3688 3663 3658 3659
Accentors -
Acetaldehyde 90 89
Acetone 96 90 108d 125 162/1141
Methyl acetate 65 66 108 117
Diethyl ether 116 129 133 178 210 213
Tetrahydrofuran 115 118 124. 174 210 216
p-Dioxane 100 134 191
t-Butanol 1 1 5 180 188
Methanol 83 156 171/220*
Acetonitrile 58 103 104
Pyridine 210 370 370
Other monomer frequencies: n-batanol (3673), sec-butanol (3661),
iso-propanol (3659) and allyl alcohol (3663)*
aT#F*P« 28 2f 2, 3, 3-tetraf luoropropan-1 -ol 
^•F^E# * 2f 292-trifluoroethanol 
^Association band doublet (centre 138 eaT^) 
cShoulder/v/ 220#
^Single measurement at 41 °G#
TABLE 1*2 - Half intensity band-width (vi caT^) for monomer 
and association bands in theSrapoxar phase at
2tf(jm
Alcohol: t-butanol ethanol methanol propargyl T.F.P.a T*F.E.a
Monomer 33 58 85 53 3® 28
Accentors
Acetaldehyde 88 140
Acetone 106 134 168
Methyl Acetate 55 151
Biethyl ether (40) 51 69 80 93






asee footnote to Table 1*1
TABUS 1«3 - Monomer frequencies (eaT1) and frequency 
shifts (Av cm"*') for association in carbon 
tetrachloride at 25°C#
4
Alcohol: t-butanol ethanol methanol propargyl T.F.P.a T.F.E.
Monomer 3619 3634 3644 3624 3622 3622
Accentors
Acetaldehyde 132 142
Acetone 100 118 170 180
Methyl acetate 69 76 98 128 139
Biethyl ether 129 144 153 194 235 237
Te trahydrofuran 145 154 161 210 251 254
p-Dioxame 118 12? 17© 208 213
t-Butanol 121 136 175 22t 22©
Methanol 111 150 190 193
Acetonitrile 74 74 101 132 131
Pyridine 249 282 367 430 425
Other monomer frequencies: n-butanol (3639)$ sec-butanol (363*1)>
iso-propanol (3628) and allyl alcohol 
(3622)#
asee footnotes to Table 1#1
TABLE 1 *4 - Half-Intensity band-width (y^ cm*"*) of the 
association band in carbon tetrachloride at
25°Q.
Alcohol: t-butanol ethanol methanol propargyl T.F.P.a T.F.E.a
Accentors
Acetaldehyde 176 175
Acetone 138 1 % 187
Methyl aeetate 93 122 149 149
Biethyl ether 84 92 119 146 133





agee footnotes to Table 1#t
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Association of Z.F.I. to methanol gave a band with a shoulder on the
<|
low frequency side (Av^/220 csT 1) of the main band«
A single measurement at /¿\°G (propargyl alcohol and acetone) 
illustrates a phenomenon sometimes characteristic of these systems, 
that despite the lower value of the equilibrium constant the 
observable extent of the association sometimes increases with 
temperature by virtue of the increased vapour pressure of the 
alcohol« At 27°G the association was detectable but not 
measurable« Some measurements of equilibrium constants are 
recorded in Appendix 5 and discussed in Section 3*4« It wuld 
appear that the combination of low vapour pressure of the associated 
complex and the degree of general absorption in this region due to 
the proton donor and acceptor molecules is the principal limiting 
factor in tbs observation of the association process by this 
spectroscopic method at temperatures near 25°G* Well-defined 
spectra are produced when the alcohol has a high vapour pressure 
(methanol) or a high proton donating capacity (T*F#P#) ©r both 
(T *F •£•) *
2h spectroscopic studies it is uncommon for alcohols to 
exhibit their proton accepting capacity in ways other than in 
self-association« Methanol and t—butanol, however, will be seen 
to fit well with the range of acceptors (fable 1 *1) • It may 
readily be demonstrated that in the presence of a stronger proton 
donor the particular alcohol under consideration ,that 
alcohol readily behaves as an acceptor« Similar circumstances
18»
have been deseribed in solution (26, 27)»
Calculations taking into account band overlap showed that the 
monomeric absorbance of T«F«P# decreased by* 34$ while that for 
methanol decreased by only 13$ when 15 ̂ 1 T»F»P» was interacted 
witii 26 yH* methanol in the cm» cell» As the association band 
exhibited only a simple contour one may reasonably assume the value 
of Av primarily to reflect the association between fluorinated 
alcohol as donor and methanol as acceptor» Other results presented 
in this work are in keeping with this view» The concentrations of 
alcohols deseribed above are each singly insufficient to induce 
self-association but when mixed a strong interaction followed« It 
would be expected that the proton accepting centre of an alcohol 
would decrease in this capacity as the donor strength increased, 
hence T«F«F« (neglecting the halogen atoms) would be expected to 
possess a weaker proton accepting centre than that in methanol»
For possible association of methanol as donor with the oxygen of 
T«F«P* as acceptor, the value of Av would be expected to be less 
than that for methanol dimer ( <88 cm""1)» Some absorption in this 
region was noticeable but was too weak for any clear measurement 
(<2$ absorption)» These experiments indicate the strongest 
interaction and, where there is more than one possibility, must 
reflect on the largest free energy change» Similar results have 
been obtained for the hetero-association of acetic acids (16) 
in the vapour phase»
19#
The situation becomes clearer on progressing to alcohols which 
are stronger donors (e*g# T*F*E*) and other alcohols which are 
weaker donors and therefore stronger acceptors (e*g# t-butanol) •
On the other hand* as the relative donating and accepting 
capacities approach each other, Increasing ambiguity is to be 
expected, bat even for the interaction of t-butanol and methanol 
the result is dear, the former aeting as acceptor* It will be 
noted that the proton accepting powers of these ordinary alkyl 
substituted alcohols is of the same order as that of the three 
ethers in Table 1*1 and is stronger than that of acetone«
1o£ DISCUSSION ̂ w ' ' . . . . . .  .
1*4*1 Monomer Frequencies
The vapour phase results of Table 1*1 show OH monomer 
frequencies that vary only slightly with changing donor capacity 
as measured by the usual hydrogen bonding properties, but where 
methyl groups are progressively substituted adjacent to the 
hydroxyl, there is an average drop of 14 cm for each successive 
addition to methanol as reference* Except where there are two 
or more methyl groups adjacent to the hydroxyl, the frequency 
shift on passing into solution ( (v_ - v ) in Table 1*5) isV  s
nearly constant, most points falling in the range 40 ~ 4 cm «
The single result for phenol reinforces the observation that this 








(v -  V  )
V  s
SOLUTION COMPONENT^1 





Methanol 3688 cm“  ̂ 3644 cm ^ 44 e»~^ 3668 (20 3645 15*5
Ethanol 3675 3634 41 3627 (13%) 3637 15.9
n-Butanol 3673 3639 34 3626 (14Í) 3639
isoPropanol 3659 3623 31 3614 (75Q 3629
sec-Butanol 3661 3631 30
tert-Butanol 3646 3619 27 - (0$) 3619
Allyl 3661 3622 39 3639 (19%) 3622 15 .5
Propargyl 3663 3624 39 13*6
CHF^.OFg.ClljOH (T.F.P.) 3658 3622 36 12.7
GF .SH201 (T.F.E.) 3659 3622 37 12.2
(Phenol 3653® 3610® 43)
a) Hßf« 28 b) Ref <► 29 c) Ref* 30
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Clearly the methyl substituent has a pronounced influence on 
the hydroxyl frequency both in the gas phase and in solution* In 
the vapour there is an average drop of 14 - 2 cm in the free 
hydroxyl frequency for each methyl group added to methanol* In 
solution the value is 8 — 2 cm” • Previous work (31) on methyl 
groups adjacent to chlorosubstituents indicates an interaction 
affecting solvation of the functional group*
Measurement of the monomeric OH frequencies of many alcohols 
in solution is complicated by the presence of rotational isomers 
which generate complex absorption bands* Careful studies of such 
band components have been made (23) and for the series methanol, 
ethanol, isopropanol and t-butanol, where the hydrogens of 
methanol are progressively methylated, show that the hydroxyl 
bands of methanol and t*-butanol are simple while the remainder 
have two components*
Examination of molecular models based on van der Waals radii
suggests the following* For methanol the OH group may be rotated
about the 0 - 0 bond and in so doing there would be small
potential humps of equal height 120° apart* Presumably the
stationary configurations of least energy would be those with the
hydroxyl proton staggered with respect to those of the methyl
group* The band in solution is simple (only 2% minor component)
and suggests only one configuration* t~ Butanol may be considered
as derived from methanol by replacement of each methyl hydrogen
with a methyl group* As in methanol, the OH group may be rotated
about the C - 0 bond in most configurations of the methyl
substituents, however, the eclipsed arrangement of each carbon 
atom with respect to that of the COH group appears to be
21
an unsatisfactory one for the methyl groups as these dearly touch*
This suggests a predominance of staggered methyl groups which would
again present symmetrical potential barriers to rotation of the OH
group, but of greater height than in methanol* Again the absorption
band in solution has a simple contour, perhaps reflecting the
equivalence of rotamers* In ethanol and isopropanol this symmetry
is removed* For ethanol the OH may lie either toward or away from
the methyl, which itself may be either staggered or eclipsed in
relation to the <?C-carbon* Since the absorption in solution has
t w  components several of these arrangements may exist* In
isopropanol the two methyl groups would probably be in staggered
orientation with respect to the &Z -carbon because in the eclipsed
form the methyl groups again toueh# If this is borne out in the
molecule then the OH proton may still find itself in one of two
distinct locations, either (i) adjacent to one or both of the
methyl groups, or (ii) directed towards the oC-GH link* The
absorption in solution shows two components suggesting that each
of these possibilities may occur*
In these vapour measurements it is not possible to distinguish
rotational isomers as it is in solution hence further such comparisons
are limited* It is interesting, however, to compare the magnitude of
the frequency shifts produced by methyl groups and those shifts
produced by gross electronic structural effects, for example, the
—1 —1frequency in the vapour drops from 3688 cm for methanol to 3653 cm
—1for phenol and to 3646 cm for t-butanol#
Fit).
Plots of Ay (T«.?*E#) against Av for other alcohols in vapour phases 
t-butanol (black circles), methanol (open circles), proparg/1 alcohol 
(triangles) and T*F*P* (squares)*
FiCj . I * 8
The corresponding plot of Fig* 1*7 in carbon tetrachloride solution, 
using the same code*
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1»4»2 Frequency shifts
Choice of Av^ ©f some reference alcohol (T»F»E#) with any given
acceptor, together with Av of other alcohols associating with the
same acceptor gave a value of Av/Av which was approximately
constant for each alcohol» These results are presented graphically
in Fig» 1*7 using Av of T»F«E# as reference» The lines for methanol
and T#F*P* are those from least squares treatment of the data» The
«•
standard deviation (7 cm" ) was such that it is clear the lines 
would, within these limits pass through the origin» In the 
remaining cases too few data were available and lines wsre 
constructed to pass through the origin also» Thus, within 
experimental error the systems studied show adherence to the 
product rule Av = D*A (5), where D and A represent appropriately 
defined donor and acceptor capacities» Using Avp (i#e# Av of an 
acceptor associating with T#F.E*) as a suitable value of A, then 
B f or each alcohol is given by the reciprocal of the slope in Fig» 
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r/9 . I-10
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These proton donor capacities parallel the acid strengths in aqueous
solution, as represented by the pK values (Table 1.5).a
The same type of plot representing Av for the association 
process in carbon tetrachloride is presented in Fig« 1*3« A H  lines 
result from least squares treatment of the data« They do not pass 
through the origin but meet the reference axis each wLth a small but 
definite positive intercept« This feature is examined in Section 
2« 4« 2« The reference alcohol (T«F.E«) is represented of course by 
a line of 45° slope passing through the origin«
Comparison of Tables 1.1 and 1 «3 makes it clear that Av is 
about 15% smaller in the vapour than in solution, indicating the 
small influence of solvent on the association« Fig« 1«9 illustrates 
the general proportionality of the tv© quantities for all hydrogen 
bonded pairs measured« Only one other point uas available (methanol 
and triethylamine (20)) and this also fell on the line« There 
appeared to be slight curvature in the arrangement of points« 
Accordingly regression lines of linear, quadratic and cubic forms 
were fitted by the method of least squares« Statistical tests 
(variance ratio) shoved small differences betveen the results but 
the parabola in Fig« 1«9 uas the best fit« The resulting expression 
was then:
Av » -2«0 ♦ 0.816 ( A v) ♦ 1«2 x 1©~4 (Av )2
-1with a standard deviation of Av of 11 «2 cm and correlationv
coefficient of 0*$63»
24*
Thus for small shifts the ratio of frequency shift in the vapour 
to that in carbon tetrachloride approaches 0*816* The three points 
T*F*P♦/pyridine, T.F*E»/pyridine and methanol/trietbylamine (20) give 
corresponding values of 0*861, 0*871 and 0*860 respectively* It is 
suggested that the values of the ratio show a tendency to approach 
asymptotically a value of unity for high frequency shifts* In such 
cases the association between the donor and acceptor is strong, the 
mean interauclear distance between the proton and the opposite atom 
small and the residence time comparatively long* As such the solvent 
has little effect in determining the shift although it may in an 
indirect way affect the absolute frequency of the mode* As the bond 
becomes less strong the mean interauclear distance increases and the 
solvent has a greater influence resulting in a lower shift ratio 
becoming apparent*
The means is now provided of at least estimating the frequency 
shift to be expected in the vapour phase for many other associating 
pairs of molecules which are at present beyond the range of ready 
measurement* This requires only knowledge of the Av value in carbon 
tetrachloride solution* Furthermore, the vapour monomer frequency 
can often be measured where aleohol vapour pressures are too low for 
any association with acceptors to be detected* Thus an estimate can 
also be made of the hydrogen bonded frequency of the complex in the 
vapour phase*
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1 *4*3 Half-intensity Band-width
The approximate half-intensity band-widths in Tables 1*2 and 1*4 
allow some comparisons to be made« In the vapour, most, but not all, 
association bands have larger than for the monomer^ mainly for 
methanol is the reverse true« Probably the band-width arises from 
the sum of (a) rotational contributions from the hydrogen bonded 
complex and (b) "normal hydrogen bond broadening" related to the 
potential field in which the proton finds itself« The varying 
contribution of each, along with experimental uncertainties in the 
vapour phase, could well account for the comparative scatter of the 
vapour y^ values when compared with those in solution (Table 1«4)#
The half-intensity band-width increases with increasing donor 
capacity (for any given acceptor) and is greater in solution than 
in the vapour«
Other workers have compared values by graphing against the 
corresponding 0». The rdntinnoM p rj. *  i A», .» - » r is in g  .1 1
previous work (32) is untenable in the vapour as demonstrated by
the results of Fig« 1 *10« Clearly the carbonyl acceptors form one
form
group while the ethers^another indicating that the slope is 
characteristic of the acceptor type« Similar slopes are observed 
for the corresponding groups of acceptors in carbon tetrachloride 
solution« These features have been demonstrated for amines 




Vapours Alcohols + ketones, esters 1 .2
Alcohols + ethers 0*5
GGl^ solution: Alcohols ♦ ketones, esters 1*1
Alcohols + ethers 0*6
Amines * ketones, esters 0.9
Amines + amides 0.7
Most points would fall within - 20% of the estimates, so that each 
class of acceptor would overlap the next* These results reinforce 
a previously expressed view (5) that the role of the proton 
acceptor is probably related to the charge distribution around 




OF THE 0 - I 
STRETCHING MODE 
OF ALCOHOLS AND PHENOLS
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2.1 IHTRQDUGTIQR
A great deal has been written in the past decade on the association 
of solutes. Much attention has been paid to the applicability or 
otherwise of the Qnsager model (33) and its extensions (34-43) to an 
oscillating dipole immersed in a continuous medium of giren dielectric 
constant. Without commenting upon the molecular nature of the solvent* 
the properties of the solute would clearly be those of a diatomic 
molecule. 2h a molecular system RAB* where residue R- possessed zero 
or a small dipole moment and that for the functional group -AB was 
substantial* the bond properties of -AB rather than the molecule as 
a whole might also be expected to conform at least approximately to 
this model#
Extensive studies have shovn that some systems conform or partly 
so* while others have little or no correlation with the effects 
predicted mainly from Buckingham's extension of the theory. Recently 
Horak and Pliva (44) made a re-appraisal of the theory in line with 
modern lattice theory of the liquid state. The order of magnitude of 
the dielectric effect on properties of solute functional groups was 
clearly established for systems corresponding closely to the Qnsager 
model# These effects were demonstrated for strong dipoles such as 
the -OH group of phenol in non-polar and weakly-polar solvents#
The hydroxyl frequency was showa to vary in the predicted manner with 
change in dielectric constant of the solvent medium, However* the 
frequency shifts involved were much smaller than those where* on
29«
passing from the ttfreett to the ^associated state*1, a clear hydrogen 
bond was formed* Effects with strongly polar solvents gave rise t© 
specific interactions of the donor-acceptor type which were a 
phenomenon! different from the dielectric effect and in vhich the 
solvent contribution was comparatively minor* It wuld appear that 
the difference between these solvated types is in degree rather 
than kind, and hence in the energy of the interaction* The many 
studies conducted by Bellamy, Hallam & others also point to this 
conclusion (45-50)«
Bellamy, Hallam and Williams (B*H*W.) (45) measured X-H 
frequencies and shifts of a wide variety of proton donors in an 
equally wide range of solvents* The ratio Av/v was used as the 
measure of interaction and values for the N-H group of pyrrole 
were arbitrarily chosen as reference* Corresponding Av/v values 
of other solutes in the given environment were plotted against 
that of pyrrole, resulting in straight lines of high linear 
correlation* However, a variety ©f intercepts was produced on 
extrapolation to zero frequency shift for pyrrole* These authors 
were thus able to point out the similarity of pattern of frequency 
changes for a very wide range of proton donors for the donor-
acceptor complexes so formed*
With such relationships broadly established it becomes
possible to use this kind of plot for further investigations of 
properties of solvents and solutes* From one point of view the 
B*H#W* plot may be considered a comparison of the manner of
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interaction of two functional groups in a common environment, 
measured in terms of the frequency change ratio of each group (51 )• 
Where the type of interaction of the X - H oscillators with the 
environment is similar then linear correlation results# Presumably 
where the interaction mechanism is identical then linear 
proportionality should result, and this appears to be exceptional 
as indicated by the variety of intercepts produced with the axes# 
Cutmore and Hallam (50) observed this problem too and were able 
only to make use of the slopes of these lines (with respect to 
pyrrole) for their correlations#
Clearly there £g a variety of problems to be resolved# For 
example, much of this work was performed on binary systems where 
the solvation of the solute species was uncontrolled# For every 
different solvent the nature of solvation must be different giving 
rise to variations in X-H frequency arising both from change in the 
solvation of substituent groups relayed by mesomeric or inductive 
jnoqiTisi and from the dielectric effect of the solvent medium# Further 
it becomes necessary to examine each type of vibrator on its otn 
by studying the properties of groups of phenols, alcohols, amines 
etc# Seasonably one would espect at least second order differences 
between these different types on the grounds of hybridization and 
the differing geometry of the immediate X-H environment#
It is possible to minimise some of these effects by conducting 
measurements on ternary systems where a proton acceptor molecule 
interacts with a donor in a given solvent# Inder these
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circumstances the solvation of the solutes is approximately constant, 
the principal disturbance occurring at the proton donating and 
accepting sites • 3h Part II such an examination has been made of 
the donor—acceptor complexes of phenols and alcohols, with extension 
to secondary amines using data from the literature# All measurements 
refer to solution in carbon tetrachloride solvent# It may be sbovn 
(Appendix 4) that the ratio Av/v, inherent in the solute-solvent 
theories, is proportional to the relative change in force constant 
and is independent of the reduced mass of the system thus permitting 
direct comparison of a wide range of X-H vibrators# In this work Av 
has been chosen in its stead as a direct change in the energy of the 
system and because the monomer frequencies and reduced masses vary 
only little#
Because insufficient is known about the nature of molecular X-H 
oscillators in solution it has been difficult to find a suitable 
reference substrate with which to compare other systems# Bellamy 
et al sought a practical way out by choosing pyrrole v(N-H) as 
reference and comparing its frequency changes with other substrates 
in identical environments* The present author has chosen a similar 
basis#
Implicit, but not stated, in the work of Bellamy, Hallam and 
Williams (4?) is the concept of a product rule for the approximate 
determination of the frequency shift of an X-H oscillator when 
permitted to associate with a proton acceptor# Their work was not 
concerned so much with this property as with demonstrating the
32«
existence of specific association interactions in a great variety of 
proton donors and receptors«
A product rule such as
~  = A#! + constantv
would give the relative frequency shift of the XH oscillator (Av/v) 
in terms of factors characteristic of the proton acceptor (A) and of 
the proton donor (D), plus some intercept« Invariably “  gave good 
linear correlation with A«D* bat not linear proportionality* It was 
shorn by Pallia & Werner (5) that within experimental error, linear 
proportionality exists for a variety of secondary amines with oxygen 
and nitrogen acceptors« Close examination of the corresponding 




Aa Optica cell compartment was added to the Perkin Elmer 
Spectrometer* the design and components being almost the same as 
those of Hall and Reece (52) and included in reprints at the end of 
this thesis* Interchangeable cell carriages could be inserted to 
accommodate either cylindrical or rectangular cells as needed* The 
temperature m s  held at 25°0 by rnter from the small thermostat* 
circulated through the stage on which the metal cell carriages were 
allowed to rest* The return line to the thermostat was fitted with 
a brass heat exchanger whieh allowed circulation of cold water 
either from the refrigerated thermostat* or from the water mains* 
when ambient temperature exceeded 25°G*
The entire optical path was purged with air dried over silica 
gel* A suitably shaped metal ring replaced the source window in the 
forward spectrometer housing so that the globar and adjoining space 
were effectively flushed with dry air; the extension tube between 
the housings was extended with metal bellows* fitted with a sodium 
chloride window* and compressed against the cell compartment* The 
narrow inlet and outlet air tubes fitted to the spectrometer were 
replaced with ones of wider bore to admit a greater volume of dry 
air* The sample compartment was provided with means for rapid 
flushing by tapping from the main air inlet* The waiting time 







steady level was about two minutes. Tbas with a spectral band-pass 
—1@r 5 cm little water vapour absorption was recorded in the region, 
bat carbon dioxide absorption normally remained# Frequency 
measurements irere corrected as necessary by comparison with water 
vapour absorptions produced by removing the lid of the sample 
compartment«
2*2*2 Presentation of Speetrao
All spectra wre recorded differentially to emphasise features
of the association band* Only two traces were required for each
interaction, essentially an I and an I trace in terms of Lambertso
Law* Gells were paired in tandem, the first pair (I or “reference“o
trace) contained respectively proton donor and proton acceptor, each
in GCl^, in different cells, while the second pair (I or “sample“
trace) contained solvent only in one eell, and the same concentrations
of proton donor and proton acceptor as used previously together with
solvent in the other cell* A plot of this differential spectrum
(using 100I/I ) presented speetral details characteristic of the o
interaction of the two substances*
Two spectra illustrate the method* Fig* 2*1 (a) shows the 
association of T*F*1*, and p-dioxan, sis obtained from the 
spectrometer together with a plot of the true shape of the 
association band superimposed* The degree of interaction is 
indicated by the decrease in intensity of the monomer band at
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3622 cm • Fig* 2*1 (b) illustrates the advantage of using the 
differential method to show up features of the association« Spectra 
were re-recorded on a Perkin Elmer 3hfraeord-237« The upper trace 
is differential; showing a doublet in the association band« The 
lower trace (100$ line displaced) is of a solution of T«F«E«; and 
anisole in a single sample cell using anisole in solvent in a 
single cell as the reference« The latter is the more conventional 
method of recording; in this circumstance the weaker component of 
the association band corresponding to association with the aromatic 
ring is entirely masked« All spectra were manually plotted out in 
percentage transmission and a geometrical determination was made of 
the frequency of maximum absorption (as in Fig« 2«1 (a))« Where 
the band contours were sufficiently reliable; the half-intensity 
band-width was also measured« In cases where strong band overlap 
occurred; e«g« where the association was weak and Av m s  small; 
measurements of half—intensity band—widths were not attempted«
The vapour monomer frequency of indole was obtained by heating 
a small amount to 100°C in a infrasil . cell stoppered
with P«T«F#E« The absorptions were weak but adequate for the 
purpose« The band was an unresolved doublet (no Q-branch) so 
the geometrical centre was chosen as the monomer frequency«
Attempts to repeat the measurements for diphenylamine; n-methyl 
aniline and n-methyl acetamide were unsuccessful«
36»
2*2*3 Materials
Carbon tetrachloride solvent: see section 1«2*3*
Phenol was A.R* grade from B*D*H*; this was distilled and the 
centre cut, b* 182°C, was used directly#
p-Cresol was B*D*H*, material, distilled, the centre cut, 
b* 202°C#
p-Bromopfaenol* p-acetophenol and p-nl tr^phenol were laboratory
samples recrystallized from aqueous solutions and dried over
The alcohols were good laboratory samples from B*D*H* and Fluka, 
requiring only drying, and distillation# They were stored over Union 
Carbide molecular sieve type 5A# The free hydroxyl frequencies 
matched the published values within 2 cm~* (28, 53, 54)#
2-0ctanone from B#D*H* was fractionally distilled, and the 
distillate b# 172-3°C collected# The purity was in excess of 99#5$
(G*L*C*)<>
H ,N—Diffigthyl formamide* B*B*H*, AR grade was treated to remove 
acids, dried and distilled for use as an infrared solvent#
Acetonitrile and pyridine (M.C*B.), packed under nitrogen, were
used directly#
The remaining proton acceptors were commercial samples from 
previously unopened bottles, distilled and dried with moleeular
sieve#
Stock solutions of the phenols were made using dry GGl^ where 
possible, but where this could not be done due to the high lattice
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energy (e#g# p-aceto- and p-nitro*phenol) damp solvent was used and 
the solution was dried by standing in a desiccator over P0CL for 
several days» Other solutions were prepared in a small dry box 
designed and made for this mrk (WtJG workshop)# Most materials 
sere metered straight into the cylindrical cells to the precision 
of either 10 jiL or 50 jiL graduated Hamilton syringes# The cells 
irere of 1#Q cm optical path and closed with P*T*F.E*, stoppers to 
prevent both loss by evaporation and influx of water vapour#
2#2#4 Computer Programmes (See Appendices 1 - 3 )
Programme OH Correlation was written to fit the product rule data to 
a linear two parameter regression line, and so that all substrates 
could conveniently be used in turn as reference# Where there were 
no values the frequency shift was equated to zero and placed in a 
transfer matrix for later evaluation from the regression line# The 
standard deviation and correlation coefficients were calculated by 
conventional means (55)« The processor was FAP (A#A«E«G*)# The 
results were typed out on the computer and as well, the slopes and 
intercepts for each reference and series of substrates were punched 
for insertion into Programme Convergence#
PTvurrftimne Convergence was written to accept the punched out-put of 
the foregoing programme and by a method ©f least squares to evaluate 
the point of convergence of the sets of lines for each reference 
substance# This was written in Fortran II (I*B#M#) because of 




In Table 2*1 are listed the hydroxyl stretching frequency 
shifts of the alcohols and phenols (left hand column) resulting 
from interaction with the substances in the top row acting as 
proton acceptors# Corresponding Av values are recorded for the 
N-H of indole« The reference for eaeh donor is the monomer 
frequency given in the second-last column« Table 2«2 shows the 
observed half-intensity band-width of the association band and 
is supplementary to data in Table 1*4# A variety of hydroxyl Av 
values is given in Table 2*3» Column 1 lists the alcohols which 
have been used as proton acceptor to p-nitrophenol acting as proton 
donor; the resulting Av^g of p-mitrophenol is in Column 2# The 
shift in hydroxyl stretching frequency of eaeh alcohol associating 
with dioxan is in column 3* Column 4 is the sum of Columns 2 and 
3 for eaeh alcohol« The remainder of the table is self-explanatory«
2.4 DISCUSSION
2«4*1 Correlation of Frequency Shifts
The corresponding frequency shifts of each of the donors in 
Table 2«1 were plotted in turn against those of indole which had 
been selected as the reference substrate in earlier work (5)«
These graphs were observed t© have a high linear correlation

























t-Butanol 28 65 74 62/3? 69 105 - 118 121 129 140 145 249 3619
Methanol 26 72 74 76 102 111 129 136 153 155 161 282 3644 15.5* ‘
Propargyl 45 99 101 104 98 136 150 170 175 194 205 210 367 3624 13.55a
T#F*P* 55 127 132 134 128 134 190 208 221 235 246 251 430 3622 12.74*
T.F.E. 47 55 131 132 139 193 213 220 237 254 425 3622 12.37*
p-Gresol 52 70 147 153 156 161 204 216 233 243 278 469 3616 10.28b
Phenol 46 51 68 151 158 160 166 214 223 240 251 293 470 3613 10.00b» ®
p-Bromophenol 55 67 86 170 174. 182 179 233 246 265 278 319 500 361© 9.36®
p-Acetophenol 53 74. 98 185 187 199 190 247 266 283 301 359 3603 8.05d
p-Nitrophenol 64 81 111 209 217 223 222 285 300 318 321 395 3595 7.14®
Indole 41 78 83 85 32 12 5 13 4 14 5 158 256 3492
(a) Ref. 29 (b) Ref. 56 (e) Ref. 57 (d) Ref. 58 (e) Ref. 59.
Half-intenslty band-vddth of association bands 
(cm"') ln GC1.«
Thls ls supplementary to Table 1.4
TABIE 2.2
ĵ-casr GH3GH Dioxan 2-0ctanone MeOAc D.M.F.
t-Butanol 62 73 74 80
Methanol 92 135 93
Propargyl 165 122 196
T.F.P* 94 100 115 195 149 21t
99 113 149
p-Gresol 84 93 119 198 161 229
Phenol 83 120 206 160 236
p~Bromo*phenol 85 92 123 223 186 255
p-Aeeto*phenol 90 99 131 240 187 28©
p-Ni troArphenol 99 159 264 233 320
TABU) 2« 3
Donor and Acceptor Properties of Alcohols and Dimer 










a  A \ association 
(Ava + Avd) dimer pKa
t-Butanol 321 118 439 121
sec-Batanol 316 123 439 129
n-Batanol 314 127 441 124
Ethanol 311 125 436 120 15.9
2-Methoxy ethanol 306 123 429 115 14*8
Methanol 30© 129 429 111 15.5
Benzyl alcohol 282 145 427 121
Allyl 282 137 419 114 15.5
2-Chloro-ethanol 255 17© 425 122 14.3
Propargyl 259 170 429 112 13.6
(«) fief. 29.














when fitted to two parameter linear regression lines using 
Programme OH Stretch Correlation (Appendix 1)« The results 
are given in Table 2*4 and a few are illustrated in Fig* 2*2* 
Clearly the pattern is similar to that observed by Bellamy, 
Cutmore and Hallam (47, 50) and others# The proton donating 
eapacity is indicated by the slope and plainly a rough product 
rule could be set up, but with greater deviations from the 
linear expressions than found by Pullin and Werner (5)# Closer 
inspection, however, suggests that most of these lines wuld 
certainly converge to some locality off the graph, especially 
when it is seen that in general the intercepts become more 
positive with increasing donor eapacity (slope)# In this 
type of least squares plot values along the abscissa are assumed 
to be free of error while the least square deviation is considered 
only in the direction of the ordinate# Hence it was desirable to 
consider substances other than indole as reference* The data 
were accordingly fed back into the programme and all substances 
in turn were thus considered# The result gave a manifold of 
intercepts and slopes# By Programme Convergence (Appendix 2) 
the manifold of equations for each substrate in turn was 
simultaneously solved to obtain the point of best fit for 
convergence# The results are presented in Table 2*5« The 
convergence plot with indole as reference is drawn in Fig* 2*3«

























Reference Donor Point of Convergence Correlation
Abscissa Ordinate Coefficient
t-Batanol -38*8 -41.2 0.939
Indole -35.0 -49.5 0.941
Methanol -42.3 -31.2 0.949
Propargyl alcohol -42*2 -36.0 0.930
T. F. P. -37.4 0.915
p-Gresol -34.5 -37.0 0.844
Phenol -45*0 -37.2 0.901
p-Dronophenol -30.8 -35.8 0.784
p-Ace tophenol -36*9 -35.7 0*791
p-Nitrophenol -26.5 -32.8 0.629
Mean -37.6 -37.4
the mean« This is surprising, as one might expect a different point 
for each proton donor, the value on the abscissa corresponding to 
interaction of the solvent with the proton donor« However, the 
question of the value of the correlation coefficient needs to be 
considered since for values below 0*8 the data approximate a scatter 
diagram# Particular sources of such deviation were therefore sought#
2#4»2 Frequency Shift Product Bale
The data were reassessed and values of Av for both indole and 
t—butanol were deleted on the grounds that an N—H group was being 
compared with 0 - H, and that t-butanol could well present steric 
effects (reflected in Ay)# The effect of re-calculation of the 
results for convergence is shorn in Table 2*6# There is a remarkable 
improvement in the internal consistency as measured by the reduced 
scatter of all values, especially in the correlation coefficient for 
which only one value is below 0*95* The result clearly confirms 
that for the systems of Table 2*6 there is a convergence point 
(-54*6, -54*2) which is the same on both axes, independent of the 
proton donating capacity and that an exact product rule Av = D*A 
originating at the convergence point may describe the systems 
tabulated#
Including all of the regression lines referred to so far the
—1mean standard deviation is approximately 6 cm # Formally this 
applies only within the range of the data itself so that for any
TABLE 2.6
Reference Donor Point of Convergence Correlation
Abscissa Ordinate Coefficient
Methanol -55.5 -54.6 0.974
Propargyl alcohol -56.Q -56.1 0.976
T. F. P. -58.9 -54.8 0.977
p-Cresol -50.6 -55.1 0.968
Phenol -60.5 -53.5 0.983
p-Bromophenol -48.3 -53.2 0.958
p-Acetophenol -57.4 -54.0 0.952
p-Hitrophenol -50.5 -51.9 0t90^>
Mean -54.6 -54.2
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extrapolation of the regression line the uncertainty increases# However,
for the present data the correlation coefficient is so close to unity
that extrapolation as far as the point of convergence appears to
introduce little farther deviation# The standard deviation for the
convergence point is still only 6 cm • For 90? confidence limits
+ »1this gives an error of estimate of - 10 cm •
Having discovered this conformity among the majority of the 
alcohols and phenols it is of interest to speculate on reasons for 
convergence at such a point and as to the deviation of t-butanol and, 
to a less degree, indole»
As indicated above the B#H#W#-type lines may be interpreted as a
comparison of the mode of behaviour of a given proton donor compared
to some reference donor» On this premise the point of convergence
represents a situation common to all proton donors# A suggestion as
to the significance of this point is forthcoming from data in Table
1 #5 where it may be observed that the frequency shift of most
alcohols and phenols on passing from the vapour to solution in CC1.4♦ -»1is nearly constant at $3 - 4 cm • This i3 close to the convergence
X *value of 5 4 - 1 0  cm , and suggests that the reference frequency for
measurement of Av should be that in the vapour phase# Because the
value vv - vg is practically constant, the solvent GGl^ wuld appear
to be exerting only a medium effect on the 0 - H vibrator and dipole,
rather than acting as a proton acceptor# It is then possible to
imagine that in the process of forming an association complex in




becomes attached to the proton acceptor molecule by displacement of 
the CCl^ solvation shell* However, the remainder (R-) of the 
molecule E-OH is also immersed in the same solvent medium so the 
true reference frequency is not that of the vapour phase but 
something approximating the unreal situation of a vapour phase 
hydroxyl with solvated alkyl substituents« If this were the case 
then the magnitudes of (v^ - v ) and the convergence point should 
be in the reverse order to that observed, because in passing from 
the vapour to solution both functional groups of E-OH are 
simultaneously solvated« It is then a matter of conjecture as to 
the frequency of the OH group under these conditions« To satisfy 
the explanation offered here wduII require that solvation of the 
substituent R- induced a rise in the OH frequency of about 1$ cm • 
This is a marginal change in hydroxyl frequency and is very close 
to the limit of experimental measurement of the quantities under 
discussion*
Nevertheless it is interesting to notice the improvement in 
B*H*W* plots incorporating t-butanol and indole when the vapour 
monomer frequencies are used as reference for calculations of Av 
as in Fig* 2*4* Here the solid lines represent the relative 
disposition of lines for phenol as reference and indole and 
t-butanol. The broken lines indicate the relative positions of 
indole (long dashes) and t-butanol (short dashes) when all Av 
values are measured from the vapour monomer* The circle indicates 
the least squares mean point of convergence of all other substrates
43»
compared to phenol as reference# It Is seen that under these 
conditions t-bmtanol conforms exactly and indole closely so#
2#5 CORRELATION OP FREQUENCY SHIFT WITH OTHER PROPERTIES
In Section 0#1 it was indicated that Av correlated with 
numerous spectroscopic as well as other properties concerned in 
the process of hydrogen bonding# Many of these relationships were 
established early in the history of the subject and hence meed 
review as improved data become available# The necessity for such 
periodic assessment is well illustrated by work of Joesten and 
Drago (60)# While there is still ample room for improvement of 
the precision with which enthalpy measurements can be made, by 
careful selection of data they have shorn that a linear 
relationship holds between the frequency shift of phenol 
(Av cm"^) and the corresponding enthalpy change (-AH keal mole*^ ) 
produced when the system enters into a hydrogen bonded situation 
with a proton acceptor# Within - 0#5 keal mole""1 and at the 90% 
confidence level they found
(-AH) * 0#016 Avq g ♦ 0*63#
This type of relationship had been predicted by Badger and Bauer 
(61) but until only recent years the precision with which AH 
could be measured precluded any worthwhile correlations# Such 
attempts produced only scatter diagrams (32, 62)#
44*
In succeeding sections examination is made of correlations 
between Av and enthalpy change, free energy change, half-intensity 
band-width and acid-base properties of alcohols and phenols*
2*5*1 Enthalpy Product Bole
The existence of the product rule to describe frequency shifts 
together with the relationship of Joesten and Drags suggested that 
a product rule correlation might also exist for the enthalpies of 
hydrogen bonding* To test this proposal the data of Table 2*7 were 
compiled from the sources indicated therein*
A literature search quickly revealed that the range of 
combinations of proton donors and acceptors was drastically limited, 
the bulk of enthalpy measurements being confined to phenol with a 
great variety of donors in various solvents* The data were screened 
as previously done (60)* Large sets of data were preferred to 
isolated measurements and were examined for both precision (better 
than - 0*5 keal in AH) and internal consistency* Calculations of 
AH from equilibrium constants at only two temperatures were 
unacceptable * Proton donors or acceptors capable of causing
entropy effects were deleted* With the indicated exception 
of tetraehloroethylene, measurements refer to solution in carbon 
tetrachloride*
Because phenol was the donor most studied it was chosen as the
TABLE 2.7
A
Enthalpies of association* (—AH) in kcal mole (upper left) and ratio AS : AH la 
1<T3 deg (lover right)* Solvent GGl^. Values are based on K in units of
litre mole“1} %5cCa































































Pyrrole Indole Methanol dEthanol t-Butanol^ Phenol p-Nitrophenol
Triethylamine 6.0h 9.21
2.5 2.36
Diethyl Ether 3*73g 2.92® 2.63g 5.64*
3.27 3.56 3.6t 2.56
Acetonitrile
i














Diethyl Ether 3.58® 3.14g 3.77g 3.09® 3«81g
3.44 3*50 3.56 3.46 3.38












Biphenyl Sulphoxide^ 7.® 7.2 7.5 7.7 8.5 9.0
2. 23 2.26 2.21 2.06 1.79 1.75
n-Heptyl Fluoride^ 1.98 2.19 2.13 2.26 2.89 3.31
Table 2»7 continued
1 1Entropy changes (-AS cal deg* mole ). Solvent 001
Indole0 dMethanol Ethanol** dt-Sutanol Phenol p-nitrophenol
Acetone 6.9 7.3 11 #2 9.8 10.8®
Ethyl acetate 7.8 7.3 10*1 (11.91)
p-lioxan 4*2 8.6 10.3 9.6 13.9°
Beñzophenone 4.5 6.5 10.5 8.9 11.0®
DMF 6.7 9.1 10.5 11.0 12.5®
Pyridine 9# 4 10.8 10.5 12.6 14*4C
HEt- 15.0h 21.7*





Table 2o7 Sources of Data
a* Bef 63 
b. Bef 64 
c» Bef 65
d* Except vfaere indicated values from Bef 66 
e* Bef 67
f* This thesis , Section 3*3 
g* Bef 68 
h* Bef
i#
j . Bef 69













reference substrate* The next most abundant data refer to methanol and 
a least squares plot of -AE^ (methanol) versus -AH^ (phenol) gave an 
excellent linear fit (r = 0*990). The data for phenol (as reference) 
mere represented by a line of 45° to either axis* The slopes and 
intercepts of these twe lines mere clearly different* The lines
(-AH ) * (-AH )P P
and (-AH ) * 0*781 (-AH ) - 1*11® p
crossed at (-AH) « -5 .@6 kcal with respect to both axes* Other
data mere both insufficient and of too limited a range for 
confirmation of convergence at this point as a general phenomenon 
(see Fig* 2*5).
However, the graphical disposition of points suggested a common 
origin and, with the exception of ethanol, the data could be 
regenerated to within «0*5 kcal mole by lines of slope 
characteristic of the proton donor and passing through (-5.0, -5.0)* 
Thus
-AH (pyrrole and indole) ® 0*74 '(-AH ) - 1*3 kcal mole"^ P
Banere 
- 0.5
-AH (methanol) * 0.78 (-&H) - 1.1 P - 0.5
-AH (ethanol) = 0.80 - 1*0Jr - 0.7
-AH (t-butanol) = 0.79 (-AH ) -1.1 * 0.5
-AH (phenol) = 1.00 (-AH )tr
-AH (p-nitrophenol) = 1.13 (-AH ) + 0.7
The line for p-nitrophenol was drawn by joining only t w  
points, bat within - 0.2 kcal mole“1 encompassed two other
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measurements made in tetrachloroethylene ♦ This solvent appears to
aet similarly to GGl^ despite the tt —bond placed among the chlorine 
atoms | the results here and the similarity of both the free and 
associated hydroxylic frequencies in the two solvents (refs« j and 
k (69* 70) of Table 2«7) suggest that the properties of the 
chlorine atoms predominate over those of the tt -electrons which in 
a less hindered environment would behave as proton acceptors«
Other results for a range of meta- and para-substituted phenols in 
tetracfaloroethylene solvent are seen to conform to the pattern and 
have been included in the tabulations« The range of alcohols 
associating with ether has values which» without exception» fall 
about the line for methanol and in the range - 0«5 kcal mole • 
Expressions for other phenols in tetraehloroethylene are
= 0.97 (-A H  )  -  0 .2  P
= 0.99 («AH ) _ 0.1 P
= 1.02 (-A H  ) ♦ 0.1P
» 1.©9 (-AH )F
-AH (p-methoxy phenol) 
-AH (m-methyl phenol) 
-AH (p-chlorophenol) 
-AH (m-nitrophenol) ♦  ©«5
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2« 5 «2 Frequency shift and Enthalpy change
As seen above (Sections 1*4*2 and 2*4*2) the product rule
Av ■ Df*Af (1)
is applicable in this form when measured from the point of 
convergence, which closely corresponds to that for Av values 
measured from the vapour monomer* Furthermore, the expression 
of Joesten and Drag© (60) for phenol,
(-AH) = 0.016 Av ♦ 0.63
or generally, (-AH) = bAv ♦ G (2)
is such that if the Av values were also measured from the vapour 
monomer frequency instead of from monomer in GGl^, the intercept 
G approaches zero, so that
(-AH) » b.Av (3)
or for phenol only, (-AH)= 0*016 Av*
Such a result may be fortuitous but it provides a ready link between 
the two product rules* Equation (1) may be re-written in terms of 
the frequency shifts from which it ms derived, viz*
Av s . s • Av
* T v ”  rr
idle re the subscripts r and s refer to reference and to substrate 
species* See Section 1»4*2*
There is some experimental evidence to suggest that equation 
(3) may be generally applicable to alcoholic systems but that the
f ig . 2* 6
Data from at least three points O  and. from 
only one point ED .
dnd r= o • Q86.
Regression line -0‘4<f + 0‘S
4S*
slope (b) may mot necessarily be the same as for phenol* Thus 
separate expressions should be written for different hydroxy 
groups
i*e*, (-AH ) = b .AvS 3 8 or Av * (—AH.)s ' s' (5)
bs
and (-AH ) = b .Av or Av « (-AH )r r r r ' ir
b (6)°r
Substituting (5) and (6) for selected Av in equation (4)
U H „ ) = . (—AHp)
b \Av / bS \ *y r
So (-AH )
*  ( £ )  •
Jg. . (-AHJ 
b r
(7)
0 \ V °r
Bat equation (7) is effectively the enthalpy product rule,
So \ - v £ (8)
Equation (7) predicts that a plot of the slopes of the lines in
the enthalpy product rule (©^) versus those from the frequency
product rule (1^) should be linear and any departure from a
slope of unity would be a reflection of the relative magnitudes
of b and b * Such a relationship is shown in Fig* 2*6 where s r
phenol has been chosen as reference for each product rule and 
for which = 1 by arbitrary choice* It was found that
49»
Dfa = 0.51 Df ♦ 0.49 (9)
with a correlation coefficient of r » 0*986«
Using phenol as reference b = 0*016 (Joesten and Drago),r
values of b for each substrate of either product rule may be 
calculated using equations (8) and (9)> together with enthalpy 
donor capacities (D^) from Section 2*5«1 or frequency shift 
donor capacities (D^) calculated from the data of Table 2*1 and 
listed in Table 2*3«
Experimental confirmation of these values would require 
extensive and careful measurements of the enthalpies of association* 
However, used jointly with the enthalpy product rule the results 
probably provide the best means to date of estimating the likely 
enthalpy change on association in GGl^ or G^Gl^« It is to be 
noted that b decreases with increasing proton donating capacity, 
measured in terms of either or D^, indicating that, for a 
given enthalpy change, there is a greater sensitivity to Av for 
the strong proton donor than for the weak donor, and conversely, 
for a given frequency shift, there is a greater enthalpic 
sensitivity for the weak donor than for the strong«
TABLE 2 .8 - Donor values of substrates using phenol
as reference and the resultant value of b •s
Substrate ° t  ■>„ bs Solvent
t-Butanol 0.52 0*031
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2*5*3 Frequency Shift and Free Energy Change*
Table 2*7 also incorporates the ratio AS/AH# It is seen that 
AS/AH falls within a limited range for each donors
Proton Donor Range of AS/AH (l0~^deg~*) Median
Indole 2*0 • 2*6 2.4
Methanol 2.4 - 3.3 2.9
Ethanol 2.7 - 3.5 3*2
t-Batanol 2*3 »» 3*6 3.3
Phenol 2*0 * 2*3 2*4
p-Hitrophenol 1.8 - 2.0 1.9
For the hydroxylie substances, the slope increased on 
passing from the weakest to the strongest proton donor* The 
ratio AS/AH decreases in the same order (Fig* 2*?)* This result 
may be fortuitous but with further confirmatory data it could 
be useful in making an assessment of the entropic contribution 
of the donor in its solvent environment* It is also broadly in 
accord with the suggestion (72, 73) that as stronger association 
occurs the solvent molecules tend to become excluded from the 
hydrogen bridge*
Assuming that for each proton donor that AS/AH is nearly 
constant an isoeqoilibrium temperature (p ) may be calculated (103)
f = ir£2l (-AS)
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Combining equations (3) and (10)
(—AS) ® b#Av*
(11)
Substituting for AH and AS in the veil know* relationship 
AG = AH - TAS, the free energy change may be expressed as
(«AG) * b*Av - Tb.Av
Such an expression thus provides a limited explanation of 
the general observation that many combinations of proton donor and 
acceptor systems yield different correlations between Av and AG* 
The explanation is limited to the systems that obey expressions 
(3) and (10), and suggests that in correlations of Av and AG, 
account mast be taken of the entropie contributions of the 
differing proton donors«
For example it is possible to eompare the experimentally 
derived slope of a plot of AG versus Av vith that calculated from 
the isoequilibrium temperature obtained from the plot of Al 
versus AS for a series of amides associating with phenol (74)« 
Selecting eight association pairs from this reference wherein 
no unusual entropy contribution was likely, it was found that 
(-AG) = 0*0087 Av (r = 0*99)
(for all possible 27 association pairs the same slope was obtained 
but with r = 0*984)* For the same eight substrates p = 598°K*
The calculated slope was then.
52«
0«C
which compares well with 0*0067 above«
The existence of an entropy product rule is also a feasibility 
in view of those for frequency and enthalpy* together with linear 
relationships between AG and Av* The possibility was tested but 
the data were found to be too few and scattered« however* a glance 
over the entropy values listed at the end of Table 2*7 shows clear 
trends on passing from left to right« It is also apparent that 
high AS values prevail for some acceptors (e«g« pyridine and 
triethylamine), mid-values for the ethers and the lowest for 
benzophenone«
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2.6 AN INTEEPHETATION OF HAIF-INTEHSITT BAND-WIDTH
2.6.1 Frequency Shift and Half-intensity Band-width
Seasonable theoretical predictions may be made of 
spectroscopic quantities suck as the fundamental frequencies and 
the intensity of absorption, but there is no corresponding way 
of predieting the magnitude of band*widths* Furthermore, no 
completely adequate interpretation has been made of the observed 
shapes of bands especially in hydrogen bonding (75)# In an 
attempt to find a suitable theoretical basis, values of have 
been graphically compared with spectroscopic and other 
quantities (32)* A commonly used comparator is Av and the bulk 
of observations have tended to support the observation of 
Huggins and Pimentel (76) that only one general relationship 
existed between these quantities, viz« Av^-fy^.« Results 
discussed in Section 1 *4«3 indicate very clearly that this is 
essentially a special case and that slopes in this relationship 
vary substantially both with environment and proton acceptor 
type« Further confirmation of these observations may be 
obtained from the results reported here«
One of the most commonly used explanations of this increase 
in band-width on association descriptively considers the proton 
in a variety of orientations with respect to the line of centres 
of the hydroxylic oxygen and the proton accepting site0 In 
eases where the orientation is restricted (e«g« sterie hindrance
loo 2oo Zoo 400
F¿<j' 2 • 8
(77), solid state (78) etc«) band— widths become correspondingly 
smaller« little attention seems to hare been focussed on the 
proton acceptor which obviously must play some part« It is 
possible that ternary solutions provide better data for an 
assessment of the function of the proton acceptor in this role 
than the many measurements made on binary or single phase systems« 
A reason could be that, where there is no unusual sterie influence 
all the hydroxyl groups are free to assume any equilibrium 
orientation with respect to only one proton accepting site, the 
solvent carbon tetrachloride exerting a near constant or only 
a minor effect# 3h binary solutions of proton donor and acceptor 
each hydroxyl group would be adjacent to a number of acceptor 
sites depending on the size and shape of the acceptor molecule, 
so that the function of the acceptor would already be complex«
As in previous work (7$, 76), plots have been made of 
versus Av in GGl^ (Fig« 2*8) using data from Tables 1.4 and 2.2« 
Supplementary to the observations of Part I it is seen that there 
are broad classes of acceptor (characterised by the slopes,
Table 2«9), the four carbonyls (acetone, methyl acetate,
2-octanone and N,H-dimethyl formamide), three ethers (dioxan, 
ether and tetrahydrofuran), and nitriles (acetonitrile and 
benzonitrile)« For each class the electron configurations are 
distinctly different« It is possible to imagine the proton 
adjacent to the non-bonding electrons, the ^spread® of which may 
be different for each class«
TABUS 2.9









Methyl Acetate 116° 0.8 48 0.89 203 0.98
Acetone 116° 0*848 0.90 214 0.97
N,N-dimethyi formamide 
(N-methyl acetamide) 113°
(acetamide) 113° 0.834 0.64 182 0.98
Ether 108 111° 0.824 0.59 120 0.93
Tetrahydrofuran 111 108° 0*809 0.4$ 120 0.91
p-Dioxan V39k 109^° 0.817 0.35 118 0.96
Acetonitrile 0.13 95
Benzonitrile 0*20 100
Acceptors in Vapour Phase:







To date it has not been possible to measure the t,sizett of a 
lone electron pair and the only indication has been the secondary 
influence of its steric effect in certain substitutions (79) and 
its effect on the infra-red spectra of anisoles (80)• In the 
present wDrk an attempt has been made to roughly assess the spread 
of charge where essential bond angles are knom* This has been 
done for ketones and ethers as follows* Consider the situation 
where the hydroxyl group is in line with the carbonyl group, as 
shorn
The lone pair is considered to have lobes of apparent length 1  and 
angular* separation 0» The field of negative charge presented to 
the proton will have an approximate spread represented by
d * 21 sin (0 /a) OK
The prediction is that for some constant distance of approach 
there might be an approximate correlation of band width (yi.) and 
the distance do Strictly it would be more appropriate to make 
correlations of y^ with the angle subtended by d at the proton, 
but as will be seen, there are many uncertainties in calculating 
d on which estimation of the angle would depend©
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Estimates of half-angles were made using different assumptions 
for each class of acceptor# For the carbonyl group this is 
illustrated diagrammatieally:-.
 ̂ *For ethers* as the angle GOG increased* 0 decreased* and in the
A  Q
pure tetrahedral configuration GOG was 109 45** thus 
0  m ( I0 9 k °  -  GOG) *  1 0 9 k ° .
ingles were obtained from MTables of Interatomic Distances” 
(81 )# Where figures for nearest compounds were used this is 
indicated in brackets in (Table 2#9)# The precision of such 
angles is suspect and may be poorer than - 3 degrees in many 
cases but greater uncertainty may arise when transfer is made 
into solution# It is possible that the solvent itself could 
exert an influence upon the lone pair as there appears to be a 
tendency for some proton acceptors to experience a change in 
dipole moment on passing from the vapour to solution in 
carbon tetrachloride (82)* e*g#*
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Acceptor li(Vapour) j*(eei4) Ap
Methyl acetate 1.70 1.70 *0#0
Acetone 2.86 2.72 —0#1̂ .
Ether 1.17 1*25 +0.08
Acetonitrile 3.96 3.45 -0.51
It has been shorn for crystals that there is a linear
correlation between Av and r ^ j j  ##<> 0) (83-86)# A further
assumption made here is that this relationship may be applied
to results in solution so that for some given value of Av a
constant average distance of approach might be anticipated#
—1Tm  this work Av - 200 cm 1 has been chosen#
A least squares fit was made of Av versus v^# The results
are included in Table 2#9 showing the slope ( ô Ay|/ô Av) and the
—1value of Vi yben Av = 200 cm # Excellent correlation
is
coefficients (r) are given in the last column# Experimental
data on the two nitriles are included together with the vapour 
phase results from Part I# Fig# 2#9 is u plot of sin (0/2) 
versus (when Av = 200 cm ^)• In spite of the scatter of 
points (circles) it is clear that increases with increasing 
angle# A straight line has been superimposed on the points to 
indicate the trend# Inclusion of data for the vapour phase 
(crosses) suggests an even greater sensitivity to the angular 
spread of the electron cloud in that physical state#
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2*6*3 An Approximate Gross Cheek
It would be satisfying to eerrel&te the results obtained so 
far with some other well-established information* This in itself 
is diffieult but the following exercise represents a partial 
attempt to do so* The fluorine atom in chemical combination in
n-heptyl fluoride represents a proton acceptor with a complete
- , , . cylindrical ^octet of electrons and hence near trU : . symmetry* Its
covalent radius is 0*72A* close to that of oxygen 0*74A*
Reference to data on crystals (32* 33-36) shows that for
-1an 0-H*«*0 bond-length of 2*80A* Av is about 200 cm • There
is no data on 0-H* • 0F systems but ample on N-H***F and N-H* • *0
so it may be estimated for 0-H*#*F at this distance
Av = 300-400 cm~^* Data of Jones and Watkinson (70) shows
that for four n-heptyl halides Av/vi = 1*0 and hence an
estimation may be made of ŷ . when the 0-H*#oF distance also
'  -1equals 2*3A* At this point y^ = 350 cm *
Assuming6Cf symmetry for the fluorine atom and that
its covalent radius (r) may give direct measure of its size* 
then an angle 0/2 may be evaluated*
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How sin (90° - 0/2) = ^  = ™ p  
sin 0/2 = 0o91 or 0/2 = 66° *
The point sin {0/2) = 0o91 and = 350 cm“1 is seen to fit 
on the extension of the graph in Fig* 2*9 adding a point of 
confirmation* In this plot it was tacitly assumed that 1, the 
length of the lone-pair lobe, was constant and that only and 
0 varied* Fluorine and oxygen are neighbours in electronic 
configuration and hence in size* A reason why fluorine falls on 
the extended plot may be because its electronic orbitals have 
approximately similar spread to those of oxygen* A small change 
in the lobe size would not of course be detected but a decrease
would be predicted for those , of the carbonyl as
compared with those of the ether oxygen* A
calculation to determine the location of the point on the graph 
for chlorine was even more crude than that for fluorine but the 
point (vi_ ^ 1 0 0 0  cm , sin 0/2 = 0*84) was far removed presumably
because of the greater atomic size (r = 0*99A) of this acceptor* 
Ik spite of the approximate methods that have been employed 
to obtain these data there would appear to be reasonable support 
for the supposition that the half-intensity band-width may be 
directly related to the spread of charge in the proton acceptor*
2*7 AGGEPTOR-BONGR PROPERTIES OF THE HXDROXIL GROUP
Interaction of an alcohol with an acidic phenol in carbon 
tetrachloride at concentration levels which exclude the possibility 
of self-association of either component permits the examination of 
alcohols as proton acceptors* Spectroscopic study of this process 
as a general phenomenon was first reported by this author (26) and 
later by Bellamy and Pace (87)*
It may be seem from Table 2*1 that the monomeric OH stretching 
frequency in dilute solution exhibits a progressive fall in value 
with increasing polarity of the hydroxyl group in alcohols and 
phenols* Thus two OH groups of differing polarity may be observed 
to interact because there is adequate peak separation (despite 
some band overlap)* Initially p-mitrophemol (0*G03M) and methanol 
(0*01M) were chosen for study* There was still band overlap in 
this case (with a 50 cm peak separation) and with trace amounts 
of water varying from blank to sample accurate optical density
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measurements were not attempted« However, approximate optical
density measurements made the situation quite clear* The
association was between the phenolic OH as proton donor and the
alcoholic OH as acceptor* The monomeric p-nitrophenol
absorbance decreased on the addition of methanol from 0*80 t©
0*50, accompanied by the formation of a strong association band
-1centred at 3295 cm • Within experimental uncertainty there 
was no change in either the methanolie optical density or 
absorption pattern* Thus on a frequency shift basis the 
methanolie OH had a proton accepting capacity close to that 
of the cyclic ether dioxane* As also seen in Table 2*1 both 
methanol and t—butanol have been used as acceptors and fit well 
with other substances that unambiguously act in this capacity*
Table 2*3 contains values of Av for other alcohols acting 
as proton acceptor to p-nitrophenol* As well, the OH frequency 
shift (Av) of these alcohols in association with dioxan, and 
that for self-association of the alcohols as well as a range of 
phenols has been included* The frequency shifts of 
2-chloroethanol have been measured from the higher component of 
the doubled monomer band (3602 and 3631 cm"1) as this has been
a
assigned to »free11 hydroxyl while 3602 cm has been considered 
to result from an intramolecular association with the chlorine 
atom (88)*





decreasing proton accepting capacity as measured by the frequency 
shift (Av&) of p-nitrophenol* The frequency shift that results 
for each alcohol interacting in turn with p-dioxan as proton 
acceptor is given (A v^) and with only minor exception the proton 
donating capacity of the alcohols increases in the order 
arranged* The measure (Av^) has been shovn to be linearly 
related to the pKa value of the alcohol in amphiprotie media 
(89* 90)* The sum (Av& ♦ Av^) is seen to be constant within
experimental uncertainty^ all points falling within the range
+ —1430 - 11 cm • This suggests that for hydrogen bonding of 
this ternary type that the expression*
Av ♦ Av, = constanta a.
has analogy with a familiar situation 
pKa ♦ pKb = constant*
In plots of pKa versus Av both alcohols and phenols (89* 90) 
have been fitted to one common straight line* probably because of 
the pausity of pKa data available * Results from this \k>rk (and 
pKa values all measured in aqueous solution (29)) are sufficient 
to show that separate correlations are needed* This is 
self-evident from the graphical presentation of Fig* 2#10 in 
which only three proton acceptors are represented for this 
general effect* Such a result is more satisfying in view of the 
structural differences existing between these types of hydroxyl
group*
PART III




In the examination of reaction series involving essentially 
tbe same mechanism much emphasis has been placed on comparison 
of equilibrium constants and the corresponding free energy changes« 
Until recent years these were commonly the only quantities 
measured and were by default the principal comparative scales« 
Values of pKa in acid ionisation offer & classical example (91, 92) 
In studies of association in non-polar solvents this same approach 
has been perpetuated, perhaps due to the excellence of correlations 
between AG and Av as compared with those, for example, between AH 
and Av (32, 6©)«
However, a broader perspective of any process may be obtained 
from AH, AS and perhaps AGp as well as AG« Nowhere can this be 
better illustrated than again In acid ionisation of a reaction 
series of phenols in water where recent work (93) has show* that 
the process is dominated by AS rather than AG (pKa)« Some similar 
studies exist (68, 69) in the field of proton donors in non-polar 
media but most results are found to be scattered across many 
types of reaction series« A larger number exist for proton 
acceptors associating with single donors (commonly phenol), (94)« 
Fewer attempts have been made to study the same reaction in this 
manner in a variety of media, which then constitute another kind 
of reaction series« In order to do this it is necessary firstly 
to study the reaction in the absence of the medium, namely in
the gas phase, as this then provides a reference state«
It is important in the first instance to choose a reaction 
that is simple and uncomplicated, otherwise there is opportunity1 
for the mechanism to alter in the differing environments* The 
®elf—association of methanol vapour is a case where the nature 
of the associated complex is reputed to be dimeric and tetrameric 
from infrared (22, 25) and vapour density (7, 22) measurements 
and hence is unsuitable for the purpose in mind* The self­
association of benzoic acid vapour (95) appears to be 
satisfactory presumably due to formation of the usual 
carboxylic acid hydrogen bridged structure« Less uncertainty 
arises, however, where strong proton donating and proton 
accepting centres, each in different molecular species, may be 
allowed to interact*
In these two-component gas-phase or three-component 
solution measurements there is normally opportunity to elucidate 
the nature of the complex* For strong donor and acceptor 
couples a ratio of 1:1 is usual* Examples of 1:2 are known (96) 
but the conditions of measurement are normally arranged to make 
detection of the 1:1 species the most likely*
The first study of this kind was with methanol and 
triethylamime (20) but of the possible thermodynamic functions 
an estimate of AH only was made from the vapour phase work, 
while AH, AG and AS were readily obtained in a range of infrared 
transmitting solvents of varying polar character# A similar
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study was made of the dimérisation of benzoic acid (95) •
la this thesis results are reported for the association of 
two other alcohols and diethyl ether in the vapour phase and in 
three solvent media« Apart from the indication of two more 
systems amenable to such study in the vapour phase this work 
represents a first improvement in techniques suitable for 
undertaking this type of measurement« Thermodynamic determinations 
on several other three-component systems used for development of 
the experimental method for solutions are included#
3*2 EXPER3 TAL
3*2*1 Vapour Measurements
A cell path-length of 10 cm was chosen as the optimum size for 
this work being a compromise between the following principal 
factors* A longer cell would have increased the alcoholic 
absorbance and the expected precision but had the unfortunate 
characteristic of time dependence related to diffusion of 
incompletely mixed vapours* The shorter* more compact cell 
having a greater ratio of active volume to dead-space avoided 
these vagaries* The 10 cm cell left sufficient spectrometer 
sample area for use of a pair of cells compared with the use of 
one cell only for greater path-lengths* Belated directly to 
this last factor was the necessity to thoroughly purge the
Fia. 3-1
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optieal path with dry air and the need to accurately compensate 
for residual water vapour absorption* room temperatures being
The pair of 10*0 cm cells (Fig# 3»1) were of glass
construction, approximately 5 cm internal diameter with walls
A mm thick* Kocksalt windows 60 mm x 7 mm were attached# Each
cell was fitted with a combined injection port for admission of
samples from a microsyringe and a means of evacuation# The
cells were wound with rubber tubing and finally with asbestos
tape# The pair of cells was then paeked into an insulated
plastic box fitted with suitable ports and shatters to function
as a thermally insulated spectrophotometer cell compartment#
Water from the thermostat was circulated around each cell
so that the following experiment could be performed at each of
a variety of temperatures* The cells were evacuated and
sufficient alcohol to yield a maximum absorption of 50-60# was
-1injected into the sample cell* The spectrum 3500-3800 cm 
was recorded* Then 50 pi ether was injected into each cell 
and the spectrum re-run* Successive 50 ]£L increments were 
added and the procedure repeated as far as vapour pressures
If equilibrium exists between monomeric donor (D) and 
acceptor (A) molecules, and 1 : 1  complex (G), the process 
may be written
A ♦ i G
y| A





The ratio (G)/(D) was obtained from the absorbance of the hydroxyl
band without (dQ) and with (dL) proton acceptor so that in the
absence of self-association (see Section 1.2.1) 
(0 = de - d.,
(D) d1
-1
while (A) mole litre" was calculated from the quantity of ether 
introduced and the cell volume» Since the ratio (C)/(A) was 
small the total ether concentration was equated to the equilibrium 
value»
Equation (t) may be rearranged
(A)
so that a plot of (A) versus (G) / (l) should be linear* the 
slope yielding the equilibrium constant» Such plots were found 
to be linear (Fig» 3»2)* and produced equilibrium constants of 
the same order of magnitude as those in solution (Appendix 5)« 
Only the two fluorinated alcohols could be studied in this 
fashion» An attempt was made using methanol but the absorbance 
changes resulting from the addition of ether were too small
for even a rough estimate to be made« Further experimental work on 
the vapours should have been done but this programme was forced to 
terminate due to the unavailability in Australia of further heavy 
rocksalt windows; which; due to thermal and mechanical stress; 
experienced a high breakage rate«
From the plot of A versus G/D a median value of £ was calculated 
and values fitted to the Glarke and Glew equations (97) for 
evaluation of AG°, AH0 and AS?«
3«2«2 Glarke and Glew Equations
For most equilibrium processes the enthalpy change is 
temperature dependent« Over a small temperature interval this 
feature is often neglected and equilibrium constants are 
substituted into the van't Hoff isochore« In some processes 
e«g« acid ionisation in aqueous media (57)# this temperature 
dependence is so marked that it is reflected in equilibrium 
constants even of low precision; and the van*t Hoff expression 
is no longer suitable« Several empirical equations (93, 99) 
have been proposed involving differing assumptions about the 
temperature dependence of AG but recently a general family 
of equations was proposed by Glarke and Glew (97) to represent 
the temperature dependence of equilibrium constants in terms 
of the standard thermodynamic function changes« Evaluation of 
these equilibrium equations by a method of least squares; along
with tests of statistical significance allows selection of the 
laost appropriate temperature dependence of InK« For example 
the multivariable equation represents E In K as a function of
from one to five independent temperature variables» The three\
variable equations
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where x * (T - 298»15)/298.15?illustrates the fora of the equation, 
further variables being added in higher derivatives of from a 
Taylor1 s series expansion« in important part of the Clarke and 
Clew approach is the statistical test to determine the optimum 
number of variables necessary for adequate description of the data# 
The use of too many or too few such variables does have a bearing 
on the reliability of the result, in the sense that the data are 
not as appropriately described as when the statistically chosen 
number of variables is used« Before the advent of this method
various types of regression lines were empirically proposed on 
the basis of the author's individual assumption or intuition as 
to the form of departure from the linearity of the van't Hoff
CLARKE AND GLEW EQUATIONS 
T.F.ET.-ETHER-GAS
NO. VARIABLES 1 2 3
DELTA G - 1 8 4 9 . 0 5 - 1 9 1 0 . 0 9 - 1 7 4 7 . 6 8
DELTA H - 8 4 1  5 . 7 8 - 1 2 4 9 0 . 9 7 8 7 4 4 . 3 1
DELTA S - 2 2 . 0 2 - 3 5 . 4 8 3 5 . 1 9
DELTA CP 0 . 0 0 0 0 2 9 3 . 4 0 5 8 - ■ 3 4 9 7 . 6 8 5 1
D CP/ DT 0 . 0 0 0 0 0 0 . 0 0 0 0 0 2 6 9 . 1 2 6 7 0
D 2 C P / D T  2 0 . 0 0 0 0 0 0 . 0 0 0 0 0 0 . 0 0 0 0 0
0 3 C P / D T 3 0 . 0 0 0 0 0 0 . 0 0 0 0 0 0 . 0 0 0 0 0
EQUAT ION RES ID SUM SOS VAR lANCE STD ERRORNUMBER R LN K R LN K PKA1 . 1 95136E-00 .650453E-01 . 557373E-012 . 1 53 93 2E -00 .769661E-01 .606305E-013 . 23 71 50E-01 . 23 71 50E-01 •336553E-01
STANDARD ERRORS
NO. VARIABLES 1 2 3DELTA G -34.0061 -36.9913 -20.5334DELTA H 1337. 89 5756.65 9609.11DELTA S 4.4887 19.3083 3 2. 2292DELTA CP 0.0000 401 .0054 1 633.103 8DCP/DT 0.00000 0.00000 114.85087D2CP/DT2 0.00000 0.00000 0.00000DJCP/DT3 0.00000 0.00000 0.00000
F TEST
EQUATION NUMBER 2 3 4
DEGS OF FREEDOM 2 1 0
VALUE OF F R A T I O . 5 3 5 5 . 4 9 0 0 . 0 0 0
NO SIGN I F I CA NC E PERCENT 5 0 . 0 5 0 . 0 5 0 . 0
3 3- 3
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isochore* As in previous work (100) on association of the kind 
studied here a linear van11 Hoff plot was found to be the most 
appropriate«» The availability of this programme written by 
Dr* P* D. Bolton and used by us in a variety of other publications 
facilitated the test for this study* Fig* 3*3 is the computer 
out-put for the better set of gas-phase measurements* The input 
was temperature in degrees Kelvin and -log^Q K^, written PKAo
3*2*3 Solution Measurements
The association of an alcohol in a °non-polar" solvent is 
an equilibrium process* At infinite dilution the solute exists 
in solvated monomeric form but at higher concentrations the 
population of dimer and other species of aggregated molecules 
increases* Where possible, experimental measurements were made 
under conditions such that the absorbance about 3600 cm could 
be equated with that at infinite dilution* Application of 
Beer* s Law then gave a direct measure of the concentration of 
the unassociated monomeric species* Some exceptions were 
encountered however and correction for the competing process 
of self-dimerisation had then to be made* Using n-heptane 
appreciable solvent absorption required cell path-lengths of 
1 mm (instead of 10 mm with other solvents) for adequate 
transmission of energy* This necessitated a ten-fold increase
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in alcohol concentration to give adequate absorbance and resulted 
in some deviation from Beer's Law, especially at low temperatures* 
In any equilibrium such as 
A ♦ B = C ♦ ©
the thermodynamic equilibrium constant is given by
K = (C) « . /ft -i. J -D­
U) . (B) *A . yB
where correction to the concentration terms must be made by the 
activity coefficients* In solutions of covalent substances in 
non-polar and non-ionising solvents the activity coefficients 
are usually equated to unity* Such is the assumption for this 
work and similar studies on ternary solutions in non-aqueous 
solvents*
It was found necessary to introduce refinements not attempted 
in the gas phase measurements (Section 3*2*1)* Again the
equilibrium constant was
K » — ^  —
(A)(D)
(1)
but particular values of (A), (0) and (D) were obtained from the 
initial concentrations (A@ and D@) and the absorbance of the 
“free11 hydroxyl group*





«here d and d„ o 1 represent absorbances without and with proton
acceptor respectively»
Also
(0) ds “0 - cL1 • Tk
d 00
and (A) « A0 - (c)
Where the amount of aeceptor «as high compared to the concentration 
of complex (A) = A «
Thus K (2)
For the greatest accuracy 50$ conversion was sought so that 
dQ = 2d^ and K = ^j# Such relationship was desirable in the 
centre of the temperature range so that reasonable precision was 
maintained on either side of the temperature median for the one
set of solutions»
Experimentally it was more convenient to express concentrations 
in molai units so that conversion to units of mole litre was 
made by multiplying the resulting K(molal) value by the solution 
density at the appropriate temperature, ignoring the small 
difference between the masses of solvent and solution* In 
practice the solvent density was found to be adequate# Where 
self-association was present it was experimentally kept to a 
minimum in order to reduce the magnitude of the additive error 
contributions» In equation (7) below, an additional corrective
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term appears for the calculation of K in the presence of 
self-association«
In the absence of clear spectral detail on the process of 
self-aggregation of alcohols, it m s  necessary to introduce 
certain assumptions« Principally, these were two-fold and mre  
(a) that the only competing equilibrium was between monomer and 
dimer and (b) that the dimer did not contribute to the monomeric




where subscripts represent the state of aggregation of a donor 
species 1«
la determining AH for the interaction ©f alcohol and ether 
in the presence of alcoholic self—association, the monomeric 
alcohol activity is common to both equilibria« Thus the 
following relationships simultaneously hold,
K
<a







m is the total mole content of alcohol« Substituting
equations (5) and (6) in (4),
m = ♦ . (a,)2 ♦ k O ^ H a )
rearranging, K =
a - (D1) -
(DJ (A)
1___ « m - (R,) 2Kd (&,)
(A) (1 (a )
so K s
1 ' d«, - di 2Kd . d1 . b
(A) d, d ^
(7)
where is the alcoholic absorbance at infinite dilution« In 
the the absence of self-association equation (7) reverts to the 
expression for K (equation (2)) where d@ is replaced by d*, .
No attempt was made to calculate other than to remove any 
effect of self-association on K for the hetero-intermolecular 
interaction under study.
Solutions were prepared in tared spectrophotometer cells 
where possible« A stock solution of alcohol was prepared by 
injection of 5-10 pi into 25 ml solvent« la the dry-box cells 
(1 ) and (3) were filled with stock solution« Cells (2) and (4) 
were filled with solvent« A H  cells were then re-weighed.
Cells (3) and (4) were returned t© the dry-box for addition of 
40 pi ether, stoppered and re-weighed« Cells (1) and (2) 
constituted sample and reference for the unassociated alcohol 
while cells (3) and (4) did likewise for the associated
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complex# Simple variation of the eell temperature above and 
below ambient provided values of the equilibrium constant# 
lesults were then inserted into the Clarke and Clew Equation 
for evaluation of AH0* AS0 and AG°#
3#2#4 Errors in Equilibrium Constants
Principal errors in the single beam double pass photometric 
recording system appear to be as follows:»
1# Any single reading on the Honeywell-Brom  recorder had an 
uncertainty of - 0*25% of full scale deflection#
2# flight“ errors arising from fluctuations in the globar source 
and chopper have been reduced to * Q*5% of the signal* 
including the recorder error of í 0#25Í#
On this basis a transmission measurement of 50Í would be 
expected to have the following approximate errors:»
In 1 0*25% in zero and 0«S% at reading* total * 0#75% o
in I 0.25# * ■ • 0.25% " " , " -
Therefore % Transmission is / 50 » ©#S
V 100 i 0.75
In practice the figure is rather less as the foregoing values are 
based on peak to peak readings# Blank and sample measurements 
were made alternately with a minimum time interval so the readings 
were taken presumably before gross instability occurred#
77#
Furthermore, this was repeated numerous times (a) at each 
temperature so that on taking a mean of the absorbance the 
random noise was redueed by a factor of l/JTa. The table 
below lists the greatest deviation from the mean of at least 
six measurements in each case taken near l&% near 60$ 
transmission# This transmission range was chosen for optimum 
combined accuracy of potentiometric measurement »pd sensitivity 






















If we assume cm this basis a mean residual of 0.2# so that 
the variation is — 0.2i, then on conversion to absorbance the 
error will be
at JfiJSf T t 0.2 D = 0.398 1 O.OC)3 0.75*
at 60.0$ T 1 0.2 D * 0,222 - 0.QC)2 1*
d - d .
In using the expression E « "*"¿77)"• to evaluate E the greatest
errors will arise from the absorbance measurements and will be 
approximately:-
3h do - d^, 0.003 + 0.002 = - 0.005 
and in d1 , 1 0.002
Neglecting errors in A and temperature and accepting the above 
numerical values of absorbance the magnitude of the error would 
be approximately,
(a) 0.398 - 0.222 = 0.176 - 0.005 or Î 3*
(b) 0.222 1 0.002 or - 1%.
If the solutions were assigned uncertainties of £ 156 in 
concentration, the overall variation in E should be about - 5$. 
Clearly one could not expect to do better than this, as there 
are other random errors that are not so apparent such as slight 
optical mismatching of cells in the course of handling. Utmost 
care was of course taken to keep cells clean and free of any dust 
and lint, as well as talc or rubber from dry-box manipulations. 
After filling and stoppering each cell, the faees were thoroughly 
washed with earbon tetrachloride, wiped with optical tissue, and
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any farther handling was carried out with forceps#
3*2# 5 Materials
The best available materials were used and treated according 
to their need#
The alcohols 2* 2* 2-trifluoroethanol and 
2* 2,3* 3—tetrafluoropropan—1 -ol were as used previously* further 
distilled and re-checked for purity by G#L#C#
The ether was spectroscopic quality* stored over molecular 
sieve and used directly#
Phenol* p-mitrophenol* 2-octanone and carbon tetrachloride 
were identical with Part II but freshly treated for this work#
The remaining solvents were commercial materials freshly 
distilled and checked for purity by G#L#G# and infrared 
spectroscopic transmission# Dupont Freon 113 (1 * 1 * 2-trifluoro-
1 ,2,2-trichloroethane) was found to be 99*99$ pure while the 




Details derived from experimental measurements are incorporated 
in Appendix 5« The essential data concerning the association of 
several alcohols in a variety of media are presented in Table 3*1 # 
The only other alcoholic system studied in any way in the vapour 
phase and in a range of solvents (20) is also included for 
comparative purposes* The thermodynamic values for association 
of T*F*P* in the vapour are not included in the following 
discussion since they are felt to be of doubtful validity*
Although no obvious fault could be located in the experimental 
procedure careful remeasurement over a wider temperature interval 
is essential* but see Section 3*2*1# Further experimental 
results used elsewhere in this thesis are summarised in Table
3*2*
TABLE 3#1
SOMMARI OF THERMODYNAMIC VALUES AND FREQUENCIES IN VARIOUS 
___________________SOLVENTS ________________________ _


















T«F#P« - Ether system
Cas phase 2400 14600 41 3658 3448 1«000 1«000
n-Heptane 1364 5096 12.5 3633 3408 1.924 1.385
Freon 113 1294 4978 12.35 3640 3395 2«50© 1.356
GG1,4 960 4366 11.4 3622 3387 2.238 1.459
T.FJ£® - 1ìther system
Cas phase 1849 8416 22«© 3659 3441
n-Heptane 1309 5308 13.4 3633 3408
Freon 113 1263 4896 12.2 3640 3395
CGI,4 1061 LUJkTTr* 11.35 3622 3385
Methanol-Triethrlamlne (Hirano and Kozima)
Gas phase (1600)X 7600 (20)x 3683 3313
GG14 1200 6000 15 3642 3212
W 1 1100 4300 1© 3633 -
GH2G12 110© 3000 6«4 3628 330©
■^Estimated by present author - see text«
TABLE 3.2
SUMMARY 0F THERMODYNAMIC VALUES AND FREQUENCIES IN
Valses based on K 1b  litre sole •

















When the media are arranged in the order gas—phase* n—heptane*
Freon and carbon tetrachloride* all of the thermodynamic quantities
and the stretching frequencies of the complexed hydroxyl group are
seen to fall steadily in the same direction* The data of ffiLran©
and Kozima for methanol and trimethylamine (with the exception of
measurements in diehloromethane) and that for the dimérisation of
benzoic acid (95) follow the same trend* This feature is
different from Lewis acid adducts in very similar environments
(gas-phase* n-hexane and CGI.) where the enthalpy is invariant4
for the limited systems studied but the free-energies vary 
considerably (101* 102)*
It has been argued (103) that where a substituent (in this
case solvent) effects a change in the free energy of a reaction
process through a single reaction mechanism then any two of the
quantities ôrAG* 6pAH and bjS should be linearly related*
Briefly ôrAG represents the change in free energy compared to
a reference substrate caused by introduction of a substituent
i*e® Ô AG « AG - AG etc* Where the substituent acts through r r o
a multiplicity of mechanisms but with one mechanism dominating* 
then a general trend towards such proportionality will still be 
shorn with some perturbation of the trend caused by the minor 
mechanisms* 3h the present results there is general 
proportionality between the quantities AG* AH and AS»
Incorporating the data of Table 3*1 a high linear correlation
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exists between AH and A3 yielding an isoequilibrium temperature 
(103) of p = 350° K (r = 0*99) ♦ Snck a result is not unexpected 
as there is one predominating process, that of formation of the 
association complex* accompanied by a subsidiary solvation effect* 
Furthermore* the value p = 350° K lies in the centre of an 
isokinetic temperature (103) range (300—400^) appropriate to 
many rate-studies in which the solvent is the variable (103)* 
Using this correlation an estimate was made of AH and A3 for 
methanol-trih^ethylamine in the vapour phase* The values are 
bracketed in Table 3*1*
The decreasing values of Table 3*1 need not be entirely 
attributed to increasing solvent interaction* The influence of 
solvent on the overall reaction is best seen on comparing free 
energy changes at the isoequilibriua t«sperature (Table 3*3)* 
Under these conditions the effect of the primary mechanism is 
largely removed and differences between the tabulated free 
energies correspond to those arising from the subsidiary process 
of solvation* The same order is preserved, but this would not 
necessarily have been so had the isoequilibrium temperature 
been lower than the reference temperature of 298°K*
Extrapolation of the experimental data to this region increases 
the uncertainty of these values as compared to Table 3*1 but 
nevertheless the competing effect of the solvent with the main 
process is evident*
TABLE 3 .3
FREE-ENERGY CHARGES AT 350°K:
Medina T.F«P. T *F «£ •
Gas (-230) -716 cal
n-Heptane -716 -71A *
Freon -653 -646 *
CC1
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Horak and Pliva (44) have indicated the order of magnitude 
of the medium effect on the frequencies of dipoles such as the 
free OH group# This may be estimated from factors such as 
refractive index and dielectric constant as summarised in (104) 
and corresponds to the frequency shift between vapour monomer 
and solution monomer when “non-polar11 solvents are chosen# 
Likewise there are frequency shifts of the same order of 
magnitude for a hydrogen bonded OH group in complexes here#
In this ease comparison is made between the frequency of the 
association bands in the vapour and in the ^non—polar11 medium 
(which must not cause a change in the general nature of the 
complex)♦
In Table 3*1 the free hydroxyl frequencies fall from the 
vapour phase to that in carbon tetrachloride but the value for 
freon is out of order with the downwards gradation of values# 
Other solutes eg# SO^ and GS^ in the same range of solvents 
have been observed to exhibit this same sequence of frequency 
shifts from the vapour reference (104)* the hydrogen 
bonded peak frequency, the usual order of gradation is restored 
indicating that the influence of the solvent is different for 
the free and bonded hydroxyl groups respectively. Both the 
dielectric constant and the refractive index of this freon are 
out of sequence with the remainder of those values in Table 
3.1 , the dielectric constant being the highest and the
refractive index the lowest of the solvents* Numerous equations 
have been developed to relate frequency shifts to molecular 
properties that incorporate energy considerations arising from 
electrostatic, inductive, dispersive and repulsive effects*
One of the most recent and apparently successful is that proposed 
by David and Hallam (104) where the frequency shift is expressed 
as the sum of terms involving refractive index (n) and 
dielectric constant (e) viz,
Av = e<| ♦ * l)/(a* + 2) ♦ c^(e - l)/(e ♦ 2)
where e^, and are empirically derived constants* For
various vibrational modes involving S-C and S-0 linkages the
frequency shifts were found to be linearly dependent on the 
refractive index functions* The same is true for the hydroxyl
monomer frequencies in the present situation, but clearly such 
an explanation does not account for changes in the association­
band frequency* A similar observation has been made for the 
methanol-ether complex in a larger variety of solvents (72)* 
While no one to date has been able to account for this 
difference of effect it is plain that the hydroxyl group whose 
frequency is under observation is in two distinctly different 
configurations with respect to solvent interaction* For the 
free hydroxyl group, the vibrator more closely approximates 
the Qnsager model of a diatomic oscillator immersed in a 
continuous medium than does the hydrogen bonded group* In 
the associated complex the vibrational mode has been modified
85*
at least slightly because of (i) interaction with the ether 
oxygen (ii) perturbation of the electrical distribution as 
revealed by the usual increase in dipole moment (32* 105) a»** 
increased intensity of absorption (32, 106) (iii) displacement 
of solvent at the hydrogen bonded site by the ether molecule 
leading to redaction of solvent accessibility (iv) a new 
steric configuration which for solvation must reaccommodate 
both solute and solvent (v) appearance of new low frequency 
vibrational modes on the part of the solute (107) and 
conceivably for the solvent too*
A desirable objective for studies of the kind presented 
in Part III is to evaluate the energetics of the processes 
represented in the following diagram* Each arrow represents a 
process, the three vertical paths are of solvation while the 
horizontal are of complex formation with and without solvent* 
The subscript (s) preceding each formula represents solvation 
of the molecule or complex as a whole while that affixed 
refers to the association site; gas phase conditions are 
indicated by subscript (g)*
( 1 0  1 ) g
3v
S
,( s 0 s ), A8 s
1 ( a 0 H / A ) g
5 s
,( ft 0 H / A )a + 8
Path 1 is b o w  directly measurable for a limited number of
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alcohols but refinements of technique hare yet to be evolved for 
precision commensurate with that in solution* Path 2 is the 
corresponding measurement in solution where the hydrogen bonding 
sites are brought together for association along with partial 
desolvation of these sites# Paths 3, 4 and 5 are of complete 
solvation of the three gas phase species# Important remaining 
processes implicitly included in path 2 are those of desolvation 
of the proton donating and proton accepting sites (paths 6 and 7)
( R 0 H ) ---( £ 0 H ) .  ♦ Ss' 98 s' 9
„< 1 ), ,W- ♦ s
combination of which leads to complex formation without 
desolvation (path 8),
s( R 0 H )- + s( A )---- £ * s( R 0 H / A )a
Comparison of paths 2 and 8 would give the total solvent effect 
on hydrogen bond formation# Immense practical difficulties 
intrude at this point* Studies of paths 3 and 4 could 
conceivably be made, perhaps by measuring the distribution of 
each component between solvent and vapour phase using infrared 
spectroscopic techniques# It would appear most unlikely that 
path 5 could be so measured due to the complexities of the 
simultaneous equilibria of paths 1, 2, 3 end 4* Properties 




Should the studies reported in this thesis bare any 
suggestion of unrelatedness then this is a manifestation of the 
many facets of the association process* The hydrogen bond is 
of itself a complicated molecular interaction involving factors 
that are of both chemical and physical origin and that represent 
themselves in a multiplicity of ways*
4*1*1 Models of the hydrogen bond*
When an hydroxy group of a given molecular identity 
approaches an area of electron density (B) in another molecule 
(the proton acceptor) mutually attractive interactions result, 
giving rise to short-lived hydrogen bonded complexes that have 
life times sufficient to have pronounced effects on colligative 
properties of the system but long compared to periods of 
molecular vibration* The interacting molecular segments may 
be represented as a new triatomic arrangement,
0 < H *•• B
because it is well established that comparatively small 
contribution is made from elsewhere in either molecule* The 
system appears simple enough but a list of factors that are 
known to influence the energy of the hydrogen bond indicates 
the complexity of examining such a model theoretically*








the wave mechanics, 
and medium,
combined with the assumption of some appropriate or convenient 
potential function according to the manner of setting up the 
model« In spite of some very excellent approaches the problem 
s© far has proved intractible«
In general, discussion of the influence of one or several 
factors is to ignore the remainder or at best to assume them 
constant« In reality, continual changes should be expected in 
most of the factors listed as B approaches a static 0-H, and 
again, during the period of 10" ^  second required for the 
normal 0 -1 stretching vibration« Until recent years a further 
drawback for the theoretical chemist has been the uncertainty 
shrouding the precision of a large measure of experimental 
work (e.g« the screening of results to find AH values in 
Section 2«5«t)f on which the theory must lean rather heavily«
With a series of 0-H groups steadily increasing in polarity
(e*g© a reaction series of para-substituted phenols arranged in 
order of increasing Hammett (f value* associating with a given 
proton acceptor B), the following changes might be anticipated: 
There would be increasing energy of association reflected in 
AG and AH* lowering of the OH stretching frequency and increased 
Av resulting from the decreasing force constant« Closer 
approach of 0 to B would be accompanied by decreasing values 
of (-AS) as the complex became stronger and more highly 
oriented« If the interaction were in solution there would be 
additional ©atropic contributions arising from the exclusion 
of solvent molecules (69) that also tended to decrease (-AS)« 
New normal modes would appear with force constants increasing 
as the hydrogen bond strengthened (except for K^g)* yielding 
an increase in (<AS) (109) ♦ There would be extensive 
delocalization of the electron clouds to account for the 
large increase in dipole moment« This localization must be 
quite sensitive to the displacement of the H atom during the 
course of the normal 0-H stretching vibration in order to 
account for the large increase in the integrated intensity of 
absorption, and, being electronic in origin, would be capable 
of instantaneous readjustment to the vibrational displacement 
of the atoms« Beeernt studies (110) indicate that the H atom 
may enter even where the 0 ««• B distance is less than the 
sum of the van der Waals radii of 0 and B and under such
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conditions the quantum mechanical picture may possibly displace 
the classical one* The effect of medium (i*e* dielectric 
constant) in non-polar solvents is comparatively small (44) as 
is that of polarization ©r London forces etc* that are of 
electronic and q[aantum mechanical origin (44)* More polar 
solvents, however, change the nature of the complex and thus 
are not considered*
4*2 TEE PRESENT RESULTS
The significance of any one study is small in comparison 
with the many features of the model of association* However, 
in this work there are numerous factors that may contribute 
further to an understanding of the process either directly or 
indirectly*
4*2*1 Product Rules*
The original concept of a product rule probably pre-dates 
the series of papers by Bellamy, Hallam and Williams (46, 47) 
who made implicit use of the idea but it was not explicitly 
suggested until recently (5)* Such a representation probably 
tends to compare generally common features in whatever property 
is being plotted (i«e* Av or AH etc*)* This is because a
produet rule may be interpreted as a comparison of the way* the
property varies for one substrate as compared to another and
because similar or related substrates tend to behave in
broadly similar ways» For example, if over a range of hydroxy
substrates there ware a variation in any of the above listed
parameters (e«g» delocalization, dipole moment etc»), as Av or
AH changed, then such a dependence would presumably be less
likely to show up on a product rule than on a plot of Av or AH
against some other quantity, such as 0 ••» B distance« Thus,
there is apparently little point to be made in using the
product rule concept to detect relative fluctuations in one given
property« However, where there is a non-proportional contribution
to the property then the position may be different as was found
to be the case for the frequency shift product rule« 2h the
vapour phase the point of convergence was the origin of the Av
scale but in CGI. solution it was clearly shifted into the
4
quadrant where (-x = -y) indicating that a constant contribution 
had been made by the solvent to all the Av values« This clearly 
showed that the solvent itself in these ternary solutions made 
a contribution different from the proton acceptors that effected 
the frequency shift and immediately suggests a use for the 
product rule concept to high-light such solvent effects» However, 
a clearer interpretation of the cause of the shift of the origin 
may be needed before any general application can be made in this 
direction«
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There are other important uses to be made of product rules 
where they have been established as valid for properties that 
are difficult or tedious to measure* While there were a few 
quite clear exceptions to the frequency shift product rule it 
was certainly established as a general principle, enabling 
predictions to be made of other frequency shifts to a high 
level of confidence* An extremely useful step forward in this 
area is the enthalpy product rule because previously there 
was no means of making an estimate of the likely enthalpy 
change for associating pairs* This product rule should be 
a useful source of enthalpy values until such time as the 
theoretical reason for its existence can be established, and 
then, hopefully, values may be capable of computation*
In this work the fortuitous relation between the frequency 
shift and enthalpy product rules has placed on the firmest 
experimental ground so far the relationship between frequency 
shift and the enthalpy change on association* The results 
are such that projection beyond the range of substrates should 
be possible to a reasonable level of confidence*
4*2*2 Extrathermodynamics
The field of hydrogen bonding, where well defined molecular 
entities are formed in solution, should be an excellent area for 
the application of extrathermodynaraic principles (103)* In many 
examples of association the nearest competing process is one of 
much smaller energy, so that near classical representations 
should result for the carefully chosen reaction series when 
measured in terms of equilibria* As most practical systems 
involving hydrogen bonding occur in polar solvents that are 
difficult to investigate by direct experimental measurement, 
the extrathermodynamic method might conceivably provide suitable 
means of study by extrapolation of results from the gas-phase 
and less polar media* Application of this technique certainly 
requires measurements as precise as can be had and since these 
enthalpy measurements appear to have a generally lower level 
of precision in comparison to those for ic&isation in water, 
considerable attention still needs to be paid to experimental 
refinement* These systems frequently present difficulties of 
volatility of samples; often inadequate care is taken in 
regard to competing processes, especially self-association of 
proton donors, temperature range and temperature precision*
The lower photometric precision of infrared spectrometers in 
comparison with the ultraviolet counterpart then adds an
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A satisfactory representation of suitably chosen reaction 
series in extrathermodynamic terms could lead to further 
theoretical progress for the hydrogen bond in much the same 
uay as the extended Huckel and other calculations are now 
increasingly able to account for various entropie and enthalpie 
contributions to the ionisation of a reaction series of phenols 
and anilines in aqueous solution (111, 112)*
4*2*3 Transfer of molecular dimensions from phase to phase*
There is a statistical probability that the results of 
Fig* 2*9 correlating and sin 0/Z could happen by chance*
Such a result could be tested by additional experimental work* 
Should this more soundly establish the correlation, then not 
only is this graph a definite contribution to the theory of 
hydrogen bond band-widths but an instructive exercise in the 
application of inter- and intramolecular dimensions into new 
areas*
Satisfactory means have yet to be found for measurements 
of intermoleeular distances in the liquid phase or solution*
This is a dynamic system and the problems derive from this 
character* However, loose aggregations of reasonably definite 
geometry in solution are not unknom (113)* These intermoleeular 
hydrogen bonded complexes may be similar and as such give rise
to well defined values of certain properties for given distances 
of approach# Such relationships are know in ionising solvents 
where calculations can be made concerning ion-size parameters 
in the ionisation of phenols and anilines (114» 115)* ikpirical 
though these values may be and whatever their significance in 
molecular dimensions, they are nevertheless reproduceable through 
extensive reaction series of these substances# While ionic 
systems are vastly different from the associated systems under 
consideration here, the notion exists that such dimensions may 
bear some relationship to those measured in the solid state, 
where molecules, although ordered, are also in correspondingly 
close proximity#
4#2# 4 Innovation in technique#
Unsuccessful attempts have been made over recent years to 
study the association of vapours by infrared spectroscopic 
methods# However, this work has shorn that many alcoholic 
systems are amenable to measurement and with refinement in 
technique^ precise detail, such as is required for the 
interpretation of thermodynamic quantities, should be 
forthcoming# This is a problem in design and requires 
improvement in methods of sampling, cell construction, 
temperature control and possibly suitable photometer
design for the most precise wrk* The importance of accurate 
studies of the gas-phase cannot be overemphasised as this is 
reference point for studies of association in various 
environments as veil as of media on a particular physico­
chemical process«
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C PROGRAMME O-H STRETCH CORRELATION .
C FAP VERSION
. ...DIMENSION X(30),Yi30),TX(30j,TYX30).... _.......
1 FORMAT(FIO.C)
2 ..FORMAT (12/ 12H D(SUBST) = F10.3/6H I NT = F10.3).
3 FORMAT(16H REF. DELTA NU (I2.3H) = F10.3)
k FORMAT(2CH AS REFERENCE DONOR //)
5 FORMAT(9H STDEV = E15.5/15H CORR. COEFF. = E15.5)






- ._.. TYPE ._.................................. ..-.-..-
PRINT k
C INPUT AND COUNT REF. DONOR DATA..............
DO 16 J=1,3C




READ 1, DR .........
25 READ











INPUT.DONOR.DATA AND TRANSFER ZEROS IN.BOTH ARRAYS
OU 3& 1=1*41 
READ 1,Y (I)
TX ( l ) =0 .
TY (1)=C.
I F (X (I ) )28,26, 28
NZ=NZ+1 















SXY=SXY+X (l )*Y(I )















C SEARCH TRANSFER ARRAYS AND CALCULATE MISSING VALUES
DO AC I=1,N
... IF(TX(I)>32,35,32 ......... ..
3 2 YK=YM-S*XM+S *TX(I)
PRINT 6,1-YK .....
X (I )=TX (I )
35 ..IF(TY(I))36,AC,36 ............. .... ......... .
36 XK=XM-SL*YM+SL*TY(I )
.......PRINT.3r l~.-XK -- ------ ---- --------------------
AO CONTINUE
PRINT 7 .......................
IF (SENSE SWITCH 1)10,25
.......END................ -.................. -....-.-.-..
APPENDIX 2
For each reference substance chosen for Programme 0-H
Stretch Correlation a least squares line vas obtained, for each
of the (ten) substrates# If these lines converge to a point
(X, Y) then these co-ordinates must also simultaneously
satisfy the existing equations
hv = S#Av ♦ G (1)r s
Thus (X* Y) must be on any straight line y = mx ♦ c where*
11
IN1N m(x - x)
and Y * 7 - m(x -X)
Since J s ms ♦  0
Y as mX ♦  c
Bearranging e = -mX + Y (2)
Sets of values of m and c are available from the data already 
fitted to (l), hence by the method of least squares the best fit 
value of X and Y may therefore be evaluated from (2) using the 
same computer programme appropriately adapted# For this result 
the slope yields X and the intercept Y# The assumption made is 
that the lines do actually converge, but within the experimental 
precision this is certainly so and is corroborated by the high 
value of the correlation coefficient#
C PROGRAMME CONVERGENCE...................... .
£ CALCULATES POINT OF CONVERGENCE OF GRAPHS FROM
C PROGRAMME O-H STRETCH CORRELATION
1 FORMAT(AH X = F8.3.4H Y = F8.3)
2 FORMAT (9H STOEV = F10.6,15H CORR. COEFF. = F1C.6)
8 FORMAT(2F1C.5)
9 FORMAT(30H NAME OF DONOR ....  )
DIMENSION S(3C),C(3C)
C . READ" Tn NAME OF SYSTEM.....
11 READ 9..........................
PRINT 9
C... - REAI1I N S AND C. OUTPUT CARDS FROM O-^ STRETCH PROG
C ZERO S VALUE DENOTES LAST CARD
DO 16 1=1,30
.READ 8,S(I ).C(I )..... ... ..
IF(S(I)+99.)l6,20,l6




.. -PR4 NT.1 > X» Y ................
PRINT 2,SD,C0RR 




GIVES THE LINE OF REGRESSION TO Y=S*X+C 
CORRELATION COEFFICIENT AND STANDARD DEVIATION












....s x y =s X y +x (i )*y (i ) .............




S=BA/PA_ _ ___  _ _ _





RETURN ..... ... .
END
APPENDIX 3.
C C PROGRAM LEAST SQUARE Y=A+BX AND Y-SX
TESTS OF LINEAR PROPORTIONALITY
..... DELTA-NU(VAPOUR) VS DELTA-NU(CCL4)
DELTA-NU VS PK(A) ALCOHOLS,PHENOLS 
BINARY VS TERNARY DELTA-NU 
NU(HALF) VS DELTA-NU 
DELTA-H VS DELTA-NU 
ENTHALPY PRODUCT RULE
.. CONVERGENCE....  ..............  ..
ISOEQUILIBRIUM CALCULATION
F0RG0 programme...... ...............
C... CALCULATES (A, B,SDYOX,SDXOY,CA,CB,R,N)....
C READ IN NAME OF SYSTEM^ .. ' ”  ....





10 FORMAT(32H LEAST SQUARE REGRESS I ON Y=A+B*X)
SX-0 
SY=0SXSQ=C.... - -- ...... .. . — .. . .
SXY=C
SYSQ=C.............  ........
11 DO 14 1=1,50
.. READ 12,X(I ),Y(I )...........  ..........
12 FORMAT(2F 10.5)
— .IF-(X(I )+99. )13,1-5,13 - .— ..— ---- -----
13 SX=SX+X(I)
SY=SY+Y(I ).. ..........  ...
SYSQ=SYSQ+Y(I )*Y(I )
... SXY=SXY+X (I )*Y (l ) ......... .......
14 SXSQ=SXSQ+X(I)*X(I )




. YM = SY/PN ....  ...........
XM=SX/PN







16 FORMAT(3H A=E15.5,5X,3H B=E15.5) ........
PRINT 17,SDY0X
17 FORMAT(19H STD. DEV. (Y ON X)=E15.5)PRINT 18
18 FORMAT(39H COMPLEMENTARY REGRESSION X= CA + CB*Y )
PRINT 19,CA,CB
19 FORMAT(4H CA=E15.5,4X,3HCB=E15.5)
.PRINT 20,SDXOY ............. ......  _ _  
20 FORMAT(20H STD. DEV. (X ON Y) =E15.5)
PRINT 21,R
21 FORMAT(l4H CORR.COEFF. = E15.5)N=PN
PRINT 22,N
22 FORMAT(24H NUMBER OF DATA POINTS = I 6)...... ..... -__
PRINT 23
23 FORMAT(//3X29HLEAST SQUARE REGRESSION Y=S*X) .........






RssSQRT F (ABS F (1 • 0«SDYX *SD YX /SD YSQ ) ) - .... .
PR I NT <s
24 FORMAT (//'5X3H S=E15.5) ................  . . ..
PRINT 25.SDYX
25 FORMAT(5X18H JSTD.DEV. (Y ON X)=E15.5//).......... ...
PRINT 26




28 FORMAT(5X19H STD. DEV.(X ON Y)=E15.5//)................
PRINT 29,R
29 FORMAT(5X14H CORR.COEFF. =E15.5//)...... ............  .
END
...._ ...... ...................... ................. _............_ _ ..._............. _____........ _____ 104._______
APPENDIX ^
ASSESSMENT OF Av/v
On the assumption that an X-H vibrator moves in the sas» 
potentiel field as a simple harmonie oseillator, the fondamental 
frequency is given by
v (1)
In the process of hydrogen bonding the 
expected to result from a reduction in 








, Ak and — = K ̂  Z°ZpL (V1^ " V2 ^  
A 7T2e2)i **k1
v 2 . 2 
1 2
(c1 * ,2)(a1 - V2
v.
If Av is small compared to 2v^ as is usual,
then A£ ^ 2àü_
k„ * v*
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Thus for small frequency shifts Av/v equals half the relative 
change in force constant, and this is independent of the 
reduced mass of the system»
APPMDIX 5
Table of results for Part III* including temperatures 
and equilibrium constants processed through the 
Clarke and Glew Programme«
Temperature K Thermodynamic properties and Standard Errors
°£ (litre mole“^) AG° * AH0 * ASP(cal
(cal mole*" ) (cal mole* ' deg"1mole“1)
2« 2« 3« 3-tetraf luoronropan-1»ol and diethyl ether in gas-phase 
(each value of £ results from a separate and distinct experiment)
307*3 28*6






2.2.2-trifluor©ethanol and diethyl ether in gas-phase
(each value of K results from a separate and distinct experiment)
300.5 20*55
307.2 15.70 -1849 <■84^ -22.0










303.2 4» 57 -960 -4366 -11 #4













233.6 8.36 -1061 -44461 ? f i 1 -11.35





Temperature K Ad0 AfiP A30
2>2#3*3-tetraflu©r®propam-1-el and diethyl ether in freon 113#
(Freon 113 is 1,1,2-trichloro-1,2, 2-triflnoroethane )
2 9 M 10.04
277*2 16*40
314*0 5.77 -1294 -4978 -12.35






















A #E O .0B° Aff









323.8 4.94 -1365 -5097 -12.51

























Temperature K AG® A # AS®






















309.4 49.0 -2572 -6133 -11.94




1 1 2 »
Temperature &
o&< Ad® AS®
Benzyl alcohol and acetophenone in C!C14
287.7 13.13
297.7 12.72
300.2 12.69 -1440 -9.9
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Thermodynamic ionization constants of ̂-halogeno- 
phenols from spectrophotometric measurements
P. D. Bolton, F. M. Hall and I. H. Reece 
D ep a rtm e n t o f C hem istry , W ollongong U niversity  College, W ollongong, N .S .W ., A ustra lia
(R eceived 21 A u g u st 1965)
Abstract S ta n d a rd  free energies, en thalp ies, an d  en trop ies o f ion ization  o f phenol, p-chloro- 
phenol, p -brom ophenol an d  p -iodophenol in aqueous so lu tion  have been determ ined  from  
sp ectro p ho to m etric  m easu rem ents w ith in  th e  tem p era tu re  range 5 -6 0 °C. Difficulties th a t  arise 
in  data-p rocessing  o f th e  resu lts  h av e  been discussed an d  a re-assessm ent of previous values o f 
AC p has also been m ade.
Introduction
Pr :yious experimental determinations of thermo^ ^amic data for the ionization 
of phenols and similar weak acids have been made using essentially two techniques: 
(i) the direct calorimetric measurement of the heat of ionization of the acid at 
the appropriate temperature (usually 25°C) [1-3], and (ii) the determination of 
the thermodynamic ionization constants over a range of temperature by standard 
spectrophotometric methods [4-6]. The calorimetric method gives the enthalpy 
of ionization directly, but calculation of the other thermodynamic parameters 
requires a knowledge of the p K a of the acid at the temperature concerned. For this 
reason almost all calorimetric measurements of acid ionizations have been confined 
to the standard temperature 25°C.
The calculation of thermodynamic parameters from the p K a values obtained 
by the spectrophotometric method is complicated by the fact that most acid 
ionizations show a marker deviation from a linear plot of p K a against l /T , due 
to the inadequacy of the assumption of constant AH 0 in the integrated form of the 
van’t Hoff equation. In attempts to extract significant information various 
semi-empirical equations have been applied to these curves and of these the 
most successful haver been the Harned-R obinson Equation [7]
loge K a A H 0 D C m-- 9 _i------ TR T ^  R R
and the Everett and Wynne-Jones Equation [8]
loge K„ AtfoR T , AC,+ ~T (loge T) +  B
[1] L. P . F ernandez  an d  L. G. H epler , J .  A m . Chem. Soc. 81, 1783 (1959).
[2] F . J .  Millero , J .  C. A hluwalia an d  L. G. H epl e r , J .  Chem. E ng. D a ta 9, 192 an d  319 
(1964).
[3] W . F . O’H ara , C. H . W u  an d  L. G. H e pl e r , J .  Chem. Educ. 38, 519 (1961).
[4] G. F . Al l e n , R . A. R obinson an d  Y. E . B ow er, J . P h ys . Chem. 66, 171 (1962).
[5] R . A. R obinson and  A. P e ipe r l , J .  P h ys . Chem. 67, 1723 (1963).
[6] D . T . Y . Ch en  an d  K . J .  Laid ler , T ran s. F a ra d a y  Soc. 58, 480 (1962).
[7] H . S. H arned  an d  R . A. R obinson , T ra n s. F a ra d a y  Soc. 36, 973 (1940).
[8] D . H . E verett an d  W . F . K . W y n n e -Jo nes , T ran s. F araday Soc. 35, 1380 (1939).
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in which B, C and D are constants and the other terms have their customary 
meanings.
T1 ie other thermodynamic parameters may then be calculated as follows; 
Harned-R obinson Equation:
(AG) t =  AH0 -  D T  +  C T*
(AH ) t =  AH 0 -  C T 2 
(A Cp)T =  - 2  CT
(A S )T =  D +  ACP
E verett and Wynne-Jones Equation:
(AG)t =  AH0 -  TACP (loge -  R TB  
(A H )t =  AH0 +  TACP 
(AS )T =  BE  +  ACp (1 +  loge T)
For many attempted correlations of molecular structure and ionization con­
stant, values of p K a at various temperatures as well as the thermodynamic 
parameters of the acids are required, and for these, because of the non-linearity of 
plots of p K a against 1/T as discussed above, the calorimetric method is of limited 
use. Furthermore, Bates and Gary [9] have recently published values of an 
acidity function over a range of temperature for buffer systems applicable to the 
spectrophotometric determination of the ionization constants of phenols. This has 
increased the potential precision and convenience of the spectrophotometric 
method considerably, and for these reasons, this has been the method chosen for 
the present series of investigations.
Experimental
Borax and sodium chloride were prepared and stored as recommended [10]. 
Stock solutions of both salts were prepared in de-ionized water so that buffers of 
the appropriate ionic strength could be obtained by dilution. Normal precautions 
were taken to prevent contamination by carbon dioxide. All the phenols used 
were high grade Commercial samples and were further purified by recrystallization 
from de-ionized water.
Spectrophotometric measurements were made using an Optica CF4 in con­
junction with temperature controlling apparatus previously described [11]. 
Samples of water, and of the phenol in acid solution, in alkaline solution and in 
borax buffer respectively were contained in a matched set of four teflon-stoppered 
1 cm cells and examined together within the temperature range 5-60°C. To 
prevent condensation on the walls of the cells at temperatures below ambient a 
continual stream of dry air cooled to the appropriate temperature was passed 
through the cell compartment.
[9] I t .  G. B ates an d  R . Gary , J .  R es. N a t. B u r. S td . 65, 495 (1961).
[10] G. G. Manov. X. J .  D e Lollis and  S. F . A cr ee , J . R es. N a t. B u r. S td. 33, 287 (1944)
[11] F . M. H all an d  I . H . R e ec e , J .S c i .  In str . 41, 240 (1964).
All the phenols studied show suitable bands in the 230-320 m¡x region details 
of whieh are summarized in Table 1.
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Table 1
Substrate Molalcone. Absorption peak (m/i)
Isobestic 
points (mp)
Phenol 2 2 x 10~4 287p-chlorophenol 2-5 x 10“4 298 267; 287p-bromophenol 1-4 x 10~4 298 275; 281p-iodophenol 2-2 x 10“5 247 224; 237
p-Iodophenol exhibited two bands. The sharper and more intense absorption 
centred at 247 mp  was found to give more consistent results than that near 
295 rn.fi. Values of p K a at 25°C were found to coincide, but, on the longer wave­
band, a very slight wavelength dependence was observed over the temperature 
range even with different samples of this phenol.
In all cases the value of the ratio of salt to acid concentrations, i.e. (m A-) l( mHA) 
was determined for each temperature at t’lree or more wavelengths close to the 
peak of the band and the average value taken.
Results and Discussion
The thermodynamic equilibrium constant for acid ionization may be expressed 
as
, -r  A ­
K a — a H . y a  * ~m H A
Ya-
Yh a Yci
where in dilute solution y A-  ^  y cx-  and y n A *** 1» assumptions which may be 
confirmed by the constancy of K a measured over a range of ionic strength. For 
p-nitrophenol [4] it has been shown that deviations from these approximations 
occur only at ionic strengths in excess of 0*1. After preliminary measurements 
were made over a range of ionic strength, a value of 0*04 was chosen for these 
studies. Under these conditions
p K „  =  p (a H y c l) -  logj0 ( —± -
\™ h a
where p (^h Yc i ) fhe acidity function for the borate buffers [9]. It is necessary to 
correct the acidity function for the contribution arising from the ionization of 
the phenol. This was done using the most precise correction factor of those given 
by Robinson and Kiang [12].
A computer programme was drawn up which enabled both the Harned-  
Robinson Equation and the Everett and Wynne-Jones Equation to be fitted 
to the experimental data by standard methods of multiple regression using the 
amplified IBM-1620 Computer System of the Wollongong University College.
In order to test the programme, the results of a similar study of phenol 
ionization reported by Chen and Laidler [6] were first re-calculated. Early
[12] R. A. Robinson and A. K. K iang, Trans. Faraday Soc. 51, 1398 (1955).
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computational runs using this data showed results in v/hu1 depending on the 
order of input of the data, varying sets of equation parameters could be obtained 
from a given set of experimental results. These parameters all gave an equally 
precise fit of the appropriate equation to the experimental results, and the values 
of AG, AH and AS (at 25°C) calculated from them agreed within experimental 
error. Chex and Laidler appear to have found a similar situation for phenol, 
at lc. d . although they offer no explanation.
An analysis indicated these variations to ,.ise  from an accumulation of 
rounding-off errors in the numerous “sum of squares” calculations involved in the 
multiple regression curve-fitting procedures. The computer programme was 
carefully re-appraised so as to minimize these errors and then re-run using an 
arithmetic precision of 12 digits in place of the customary 8-digit precision. This 
resulted in the complete elimination of rounding-off errors and gave a unique set 
of parameters for each set of experimental data.
In spite of the apparent inherent errors of Chen and Laidler’s computations 
our re-computed parameters were found to agree well with those reported by the 
latter with one important exception. Chen and Laidler found that, for a given 
phenol, ACp calculated by the Harned-R obinson Equation was significantly 
different from that calculated for the same phenol by the Everett and Wynne- 
J ones Equation. Because of this and because of the apparent duplicity of ACp 
values even from the same equation, Chen and Laidler calculated ACp for their 
range of phenols using the Harned-Robinson Equation only, but emphasized 
that no reliance should be placed upon these figures. In spite of this, these values 
of ACp have appeared in a table of thermodynamic data in a recent treatise [13]. 
Table 2 shows the re-computed values of AC p for the range of phenols studied by 
Chen and Laidler.
T able  2. V alues of AC p a t  25°C in cal deg-1
Ch e n  & Laidler  
(Ha r ned-  
R obinso n)
R e-com puted  values 
H ar ned-  E verett & 
R obinson W y n n e - 
J ones
M ean
P hen o l - 2 7 1 - 3 2 0 -3 1 -6 -3 1 -8
o-cresol -2 8 -5 -3 6 -3 -3 5 -7 - 3 6 0
m -cresol -2 8 -3 -3 8 -8 -3 8 -4 -3 8 -6
p-cresol -2 8 -4 -5 3 -2 -5 2 -6 -5 2 -9
2,3-xylenol -2 9 -4 -3 8 -2 -37*8 -3 8 -0
2,4-xylenol -2 9 -3 - 2 8 1 -2 7 -8 -2 8 -0
2 ,5-xy le n d -2 8 -8 -2 4 -3 - 2 4 1 -2 4 -2
2,6-xylenol -3 0 -7 -3 6 -9 -36*4 -3 6 -7
3,4-xylenol -2 9 -7 - 3 2 0 -3 1 -6 -3 1 -8
3,5-xylenol -2 8 -8 -2 7 -3 -2 7 -0 -2 7 -2
o-chlorophenol -4 6 -9 - 5 2 1 -5 1 -5 -5 1 -8
It will be noted that, on re-computation for all eleven phenols, the two equations 
do give values of ACP which agree and that therefore Chen and Laidler, probably
[13] J. E . L effler  and E . Grunw ald , B ates an d  E q u ilib r ia  o f Organic R eactions p. 373 
J o h n  W iley , N ew  Y ork  (1963).
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due to the use of more limited computing facilities, did not do full justice to their excellent experimental results.
The results of similar experimental studies by Robinson and co-workers on 
three nitrophenols [4,5] were also re-calculated. The re-computed parameters 
agree exactly with those given by Robinson, thus confirming the accuracy of our 
calculations. However, since Robinson did not list values of ACP these are 
presented for completeness in Table 3.
T able  3. V alues o f  AC p a t  25°C cal deg-1 
for n itrophenols
4-N itropheno l —34-6
2- N itropheno l —38-1
3- M ethyl-4-NTitrophenol —34*3
The results obtained when the two equations were fitted to the experimental 
data of the present work are summarized in Table 4 and Table 5.
T able  4. E x p e rim en ta l an d  ca lcu la ted  values o f th e  therm odynam ic
ionization  co n stan ts
T°.4 p K a (experimental) p K a (calculated)*











332-5 9 045 9-036















315-1 9-126 9-123 .
323-2 9-053 - 9-046
328-9 8-994 - 8-998
* Value calculated from the H a r n e d - R o b in so n  a n d  E v e r e t t  and W y n n e - J o n es  
Equations’ parameters. Both equations gave identical values in every case.
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T able  5
E v e r e t t  &
H a r n e d —R o b in so n  W y n n e - J o n es
Equation parameters Equation parameters
(K  cal) A h 25(K  cal) (e.u.) A Cp25 cal deg-1 A H 0(K  cal) 102C D A H 0 (K  cal) B
Phenol 13-57 5-47 -27-2 — 50-1 i_’-926 8-3838 22-835 20-842 160-13p-chlorophenol 12-86 5-73 -23-9 — 34-7 10-788 5-6980 10-044 16-318 107-70p  - bromopheno 1 12-74 5*74 — 23-5 -25-5 9-5055 4-2297 1-7608 13-401 74-797p-iodophenol 12-72 5-38 — 24-6 -43-8 11-826 7-2496 18-636 18-586 136-92
Both equations were found to fit the experimental data equally well over the 
temperature range studied and significantly better than the normal linear van’t 
Hoff Isochore. The parameters for either equation as given in Table 5 enable 
values of p K a at any temperature to be calculated to better than experimental 
accuracy over the temperature range concerned. Chen and Laidler [6] obtained 
a similar result for phenol, but noted that the two equations appear to deviate at 
higher temperatures since the calculated value of 0max, i.e. the temperature at 
which log K a attains its maximum value, differed for each equation. For example, from our results for p xnol
0max (Harned-R obinson) =  119-8°C 
0max (Everett and Wynne-Jones) =  131*0°C.
Although the temperature range of the present work is somewhat wider than that 
of Chen and L aidler, it is still insufficient to show which o f the two equations 
would give the better fit over an extended temperature range. As shown in Table 4 
both equations gave an identical calculated value of p K a at every temperature for 
each phenol using the parameters of Table 5. As shown in Table 5 the value of 
ACp for phenol of the present work still differs significantly even from the corrected 
value of ACP from Chen and L aidler’s results.
Since the small degree of non-linearity of p K  with reciprocal temperature is a 
function of changing heat capacity (ACp), values of this thermodynamic parameter 
estimated within a relatively small temperature interval, as in all of these measure­
ments, should be considered with due care. While the curvature is not large it is, 
however, sufficient to introduce errors in extrapolations based on calorimetric 
measurements made at one temperature.
In Table 6 the principal thermodynamic parameters of phenol and of para- 
chlorophenol reported by previous workers are compared with those obtained in
T able 6
P resen t w ork
P henol 
Ch en  & 
Laidler




P resen t w ork et al.
AG25 ( K  cal) 13-57 13-67 13-64 12-86 12-80
AH 25 ( K  cal) 5-47 5-66 5-65 5-73 5-80
A £25 (e -u -> — 27-2 -2 6 -9 -2 6 -7 -2 3 -9 -2 3 -5AC p 25 (cal deg x) -5 0 -1 -3 1 -8 — -3 4 -7 —
the present work. It should be noted that the data of C h e x  a n d  L a i d l e r  was 
obtained by the spectrophotometric method and that of H e p l e r  and co-workers 
by a micro-calorimetric technique. All three sets of data for phenol are seen to 
agree well. The agreement between our results for j>ara-chlorophenol and those of 
H e p l e r  et al. is considered especially important since for or^o-chlorophenol [1,6] 
the reported results obtained by the two methods differ significantly.
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Thermodynamic constants of ionization processes by 
spectrophotometric methods: Meia-halogenophenols
P. D. Bolton, F. M. Hal ~nd I. H. Reece 
D ep artm en t o f C hem istry , W ollongong U n iversity  College, W ollongong
N .S .W ., A ustra lia
(R eceived  8 F ebru ary  1966)
Abstract T herm odynam ic ion ization  con stan ts  over th e  tem p era tu re  range 10—60° to g e th e r 
w ith  values for th e  s ta n d a rd  free energy, e n th a lp y  an d  en tro p y  o f ion ization  o f m -chlorophenol, 
m -brom ophenol an d  ra-iodophenol are  reported . These resu lts  in  con junction  w ith  an  extensive 
collection o f sim ilar resu lts  from  th e  lite ra tu re  show  th a t  su b s titu e n t effects in  th e  ion ization  o f 
phenols are  due p rim arily  to  en tro p y  changes possibly  involving a  change o f so lvation  s ta te . In  
c o n tra s t to  th e  free energies o f ion ization  th e  en trop ies are  well co rrela ted  b y  crn values.
’ Introduction
A current renewal of interest in structure-reactivity correlation in terms of entropy- 
enthalpy variations \,^nin a single reaction series has highlighted the comparative 
scarcity of reliable thermodynamic data even for common reaction processes of 
structurally simple molecules such as phenols. The spectrophotometric measurement 
of thermodynamic ionization constants over a range of temperatures is a powerful 
method of determining thermodynamic quantities for ionization processes of weak 
acids and bases especially where values of AH  show measurable change with tempera­
ture. In this paper the results of such measurements on certain meia-halogenophenols 
are reported, and an attempt is made to collect and classify the substituent effects 
occurring in the ionization of phenols.
Experimental
The phenols were commercial samples progressively purified either by vacuum 
distillation, or recrystallization from water. Spectral measurements were made as 
described previously [1, 2] using borax buffer [3] in conjunction with the recently 
calculated values of the acidity function p(aHycl)4. At an ionic strength of 0-04 it has been shown [1, 5] that
p K a =  p(as yoi) -  log10 ( —
\msA
using the usual notation. Correction was made for the effect of the ionization of the 
phenol on the buffer using the most precise expression given by Robinson and 
K ia n g  [6 ].
[1] P . D . B olton, F . M. H all an d  I . H . R e ec e , Spectrochim . A c ta  22, 1149 (1966).
[2] F . M. H all an d  I .  H . R e ec e , J .  S c i. In str . 41, 240 (1964).
[3] G. G. Manov , N . J .  D e L ollis an d  S. F . A cree , J .  R es. N a tl. B u r. S td . 33, 287 (1944).
[4] R . G. B ates a n d  R . Gary , J .  R es. N a tl. B u r. S td . 65, 495 (1961).
[5] G. F . A l le n , R . A. R obinson an d  V. E . B ow er, J .  P h ys . Chem. 66, 171 (1962).
[6] R . A. R obinson  a n d  A. K . K iang , T ran s. F a ra d a y  Soc. 51, 1398 (1955).
■, 1825
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Details of the spectral characteristics of the meta-substituted, phenols are given in Table 1.
Results and Discussion
Values of the thermodynamic ionization constants for three meta-halogeno phenols 
over the temperature range 10-60° are given in Table 2 together with previous 
measurements made at 25°C only.
P. D. Bolton, F. M. H all and I. H. Reece










m -Chlorophenol 1-8 x 10“ 4 291 261; 278
m -B rom ophenol 1*7 x 10~4 292 263; 279
m -Iodophenol 1-2 x 10“ 4 295 262; 280
T able  2. T herm odynam ic ion ization  con stan ts  o f  th e  m eta -halogenophenols
T em p era tu re(°C) m -Chlorophenol m -B rom ophenol m -Iodophenol
10 9-332 9-249 9-261
15 9-258 9-172 9-180
20 9-186 9-099 9-104
25 9-119 9-031 9-033
30 9-055 8-967 8-967
35 8-995 8-907 8-905
40 8-938 8-853 8-848
45 8-883 8-801 8-794
50 8-833 8-753 8-744
55 8-784 8-708 8.697
60 8-739 8-666 8-653
*25 9-13 9-03 9-06
* D a ta  from  R ef. [7].
The standard thermodynamic parameters A#25, A$25 and A(7p25 for the three 
phenols were obtained by applying the Harned-R obinson Equation [8] and the 
Everett and Wynne-Jones Equation [9] to the experimental data by standard 
multiple regression analysis techniques [1]. As has been noted in similar previous 
studies [1, 10] both equations were found to fit the data equally well over the experi­
mental temperature range, and, for this reason, only the parameters for the Harned- 
Robinson Equation,
In K. - A  H0 D CT  R T  +  R R
are given in Table 3.
[7] A. I .  B iggs an d  R . A. R obinson , J .  Chem. Soc. 388 (1961).
[8] H . S. H arned  an d  R . A. R obinson , T ra n s. F a ra d a y  Soc. 36, 973 (1940).
[9] D . H . E verett a n d  W . F . K . W y n n e -Jo nes , T ra n s. F a ra d a y  Soc. 35, 1380 (1939).
[10] D . T . Y . Ch e n  an d  K . J. Laidler , T ra n s. F a ra d a y  Soc. 58, 480 (1962).
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Leffler and Grttnwald [11] have listed the standard thermodynamic quanti­
ties AG25, AH25, AS2 5  and ACp25 for phenol and for fourteen substituted phenols. 
Table 4 lists similar data for the three raeta-halogenophenols of the present study 
as well as twenty other phenols which have appeared in the literature since Ref. [11] (1963).
It has been argued [11] that where a substituent effects a change in the free 
energy of a reaction process through a single interaction mechanism then any two 
of the quantities <5̂  AG, dR AH and dR ASf  should be linearly related. Where the
T able 3. H a r n e d - R o b in so n  E q i u . ^ n  p aram eters
P a ra m e te r m -Chlorophenol m -B rom ophenol m -Iodophenol
AHo(kcal) 9-998 10-155 11-321102<7 5-120 5-430 6-457D 7-083 8-938 15-877
T able  4. S ta n d a rd  therm odynam ic  q u an titie s  o f su b s titu te d  phenols
Phenol
ag„°
(kcal mole-1) (kcal mole-1)





m-Chloro 12-44 5-35 — 23-8 — 23-5 Sp. this studym-Chloro 12-4 5-29 — 23-8 — Cal. 12m-Bromo 12-32 5-35 — 23-4 -35-7 Sp. this studym-Iodo 12-31 5-53 — 22-7 — 40-6 Sp. this studym-Methoxy 13-17 5-26 — 26-5 — Cal. 13m-Aldehydo 12-31 5-17 — 23-9 — Cal. 14m-Cyano 11-69 5-20 —21-8 — Cal. 15m-N(CH3)3+Cl- 10-99 6.09 -16-4 — Cal. 15p-Chloro 12-86 6-73 -23-9 — 34-7 Sp. 1p-Bromo 12-74 5-74 — 23-5 — 25-5 Sp. 1p-Iodo 12-72 5-38 -24-6 — 43-8 Sp. 1p-Methoxy 13-92 5-70 — 27-6 — Cal. 13p-Aldehydo 10-39 4-26 — 20-6 — Cal. 14p-Cyano 10-87 4-92 — 20-0 — Cal. 15p-N(CH3)3+Cl- 11-39 5-46 — 19-9 — Cal. 15o-Methoxy 13-63 5-74 — 26-5 — Cal. 13o-Aldehydo 
2-Methoxy-4-
11-42 5-15 — 21-0 — Cal. 14
aldehydo
2-Methoxy-5-
10-09 3-75 — 21-3 — Cal. 14
aldehydo
2-Methoxy-6-
12-13 4-62 -25-2 — Cal. 14
aldehydo 10-79 4-13 — 22-3 — Cal. 14
2,4,6-Trimethyl 14-85 5-44 — 31-6 — Cal. 15
3,4,5-Trimethyl 13-98 5-68 — 27-9 — Cal. 15
2,4,5-Trimethyl 14-41 6-40 — 26-9 — Cal. 15
2,3,5-Trimethyl 14-45 6-60 — 28-7 — Cal. 15
* Spectrophotometric or calorimetric.
f  T he n o ta tio n  o f  R ef. [11]. B riefly  ôR A G rep resen ts  th e  change in  free energy caused 
b y  th e  in tro d u c tio n  o f a  su b s titu e n t i.e. ôRà G  =  ÀGR — AG0, etc.
[11] J .  E . L e f f l e r  an d  E . Grtjnw ald , B ates an d  E q u ilib r ia  of O rganic R eactions p. 373. W iley, 
N ew  Y o rk  (1963).
[12] W . F . O ’H a r a  a n d  L. G. H e p l e r , J . P h y s . Chem. 65, 2107 (1961).
[13] F . J .  M il l e r o , J .  C. A h l u w a l ia  an d  L . G. H e p l e r , J . Chem. E n g. D a ta  9, 192 (1964).
[14] F . J .  Mil l e r o , J .  C. A h l u w a l ia  an d  L. G. H e p l e r , J . Chem. E n g. D a ta  9, 319 (1964).
[15] H . C. K o , W . F . O ’H a r a , T. H u  an d  L . G. H e p l e r , J . A m . Chem. Soc. 86, 1003 (1964).
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substituents to this may be expected to show considerable direct conjugative inter­
action between the substituents and the reaction centre, which will be absent or 
negligible in the case of meta substituents. Changes in this direct substituent-centre 
conjugation accompanied by a sympathetic change of solvation might well, therefore, 
constitute the dominant substituent interaction mechanism.
Examination of Tables 4 and 5 suggests that, in accordance with this interpretation, 
substituent effects on the free energy of ionization of phenols are related mainly to 
•changes in AS. The range of change of AH  in any series is relatively small and for this
Fig . 1. E n trop y-cr correla tion  for th e  ion ization  o f p a ra -su b s titu ted  phenols.
Teason little significance is attached to the negative slope of the AH  vs. AS  correla­
tions. Negative slopes are rare in such correlations, but an interpretation in terms 
of opposing interaction mechanisms has been proposedfll].
It has long been recognised [18] that the ionization of phenols is one of the reaction 
series in which certain 77-electron rich substituents, when in the para position, show 
a marked deviation from the simple H ammett Equation. This has been ascribed to 
the phenolate anion being resonance stabilized to a greater degree than is the corre­
sponding benzoate anion in the defining reaction series. To accommodate these 
deviating substituents enhanced substituent parameters, cr- , have been formulated 
[18] and p K a2b° values (and hence AG25o) for the phenol ionization series have been 
shown to be well correlated by these a~ parameters [7, 19], Substituent effects in 
the ionization of phenols appear to be dominated by entropy changes, but, as Eig. 1 
shows, the AS25 values for the para-substituted phenols of Table 4 and Ref. 6 are 
better correlated by an parameters [20] (or a0 parameters [21]) than by a~, the 
correlation coefficients being 0-984 and 0-965 respectively. Since for para-substituents
[18] L . P . H a m m ett , P h ysica l Organic C hem istry , M cGraw-Hill, N ew  Y ork  (1940).
[19] H . H . J a f f é , Chem. R ev. 53, 222 (1953).
[20] H . v a n  B ekktjm , P . E . V e r k a d e  and  B. M. W e b s t e r , Ree. T rav . Chim . 78, 815 (1959).
[21] R . W . T a f t , J r ., J .  P h ys . Chem. 64, 1805 (1960).
1830 P. D. Bolton, F. M. H all and I. H. R eece
A(t25 values are correlated by a~ and A$25 values by an it could be inferred that the 
factors causing the major deviations from the Hammett Equation in the ionization 
of phenols do so primarily by effecting changes in AH and not in AS. In accordance 
with this view the only three para substituents of the present series whose a~ values 
differ significantly from the an values (N 02, CN, CHO) also show the greatest 
deviations from the isoenthalpic trend in this series. However, since there are few 
available data and the definition of the a~ value 10  not absolutely clear [19], we prefer 
at this stage to report this mainly as an interesting correlation deserving of further study.
Effects of Substituent on the Thermodynamic Functions of Ionisation of 
ortho-Substituted Phenols
By P. D. Bolton, F. M. Hall, and I. H. Reece
Thermodynamic ionisation constants of o-chlorophenol, o-bromophenol. o-iodophenol and o-ethoxyphenol have 
been measured spectrophotometrically over the temperature range 5— 50°. From these measurements values for 
the standard free energy, enthalpy, and entropy of their ionisation have been calculated. A detailed analysis of 
substituent effects upon the thermodynamic functions is made in terms of the Taft equations and the equations of 
Farthing and Nam.
With th e  av a ilab ility  of a  range of buffer so lu tio n s1 
for w hich values of an  ac id ity  function  are know n w ith  
great precision over a  range of tem pera tu res, th e  accu ra te  
m easurem ent of th e  therm odynam ic  functions of ionis­
ation of m an y  w eak acids and  bases b y  sp ectropho to ­
m etrically m easuring  th e  v aria tio n  of p K a w ith  tem p er­
ature becom es feasible. W e here p resent th e  resu lts 
of such m easurem ents m ade on four or/Ao-substituted 
phenols, a n d  discuss th e  influence of or/Ao-substituents 
on the therm od y nam ic  p roperties of ionisation.
EXPERIMENTAL
Phenols were commercial samples, vacuum distilled or 
recrystallised from water as appropriate.
Spectrophotometric measurements were made as pre­
viously described 2,3 using T.H.A.M. buffer 4 for the halogeno- 
phenols and 1-aminoethanol buffer1 for o-ethoxyphenol, in 
conjunction with the values of the acidity function p(«nyci) 
recently calculated for these buffers over a range of tem­
peratures by Bates and Gary.1 At an ionic strength of 0*04, 
the value selected for these measurements, it has been 
shown 2>5 that
p K a = p(onyci) — l°g io  ( % - / w h a)
using the customary notation.
Correction was made in the usual way for absorbance by 
the buffer, and also for the effect on p(«Hyci) °f the ionis­
ation of the phenol using the most precise expression of
T able  1
Absorption Molecular
peak m(z Isosbestic extinction
Molai of phen- points coefficient
Phenol cone. oxide ion mjx at Xmax.
o-Chlorophenol 2 0 X IO’4 292 260, 278 3200
o-Bromophenol 2-2 x IO*4 295 263, 278 3900
o-Iodophenol 2-1 x 10'4 298 261, 283 3800
o-Ethoxyphenol 1-7 x 10'4 290 261, 277 3650
those given by Robinson and Kiang.6 All pK a values listed
are the mean of at least two independent sets of measure­
ments. All regression analyses were carried out on a
1 R. G. Bates and R. Gary, J . Res. N at. Bur. Stand., 1961,
65/i, 495. „ .. , .2 P. D. Bolton, F. M. Hall, and I. H. Reece, Spectrochim. Acta,
3 E*M. Hall and I. H. Reece, J . Sci. Instr., 1964, 41, 240.
4 R. G. Bates and H. B. Hetzer, J . Phys. Chem., 1961, 65, 667.
60K IBM 1620 Computer using FORTRAN programmes 
written specially for this project.
Details of the spectral characteristics of the ortho- 
substituted phenols are given in Table 1.
RESULTS
Values of the thermodynamic ionisation constants for four 
or/Ao-substituted phenols over the temperature range 5— 
50° are given in Table 2 together with previous pK a measure­
ments, made at 25° only by spectrophotometry,7 for the 
halogeno-phenols. The thermodynamic ionisation constant 
of o-ethoxyphenol appears not to have been determined 
before.
T able  2
Thermodynamic ionisation constants of or/Ao-substituted
phenols
Temp. , o-Cl o-Br o-I o-EtO
5° 8-827 8-705 8-765 10-447
10 8-747 8-634 8-694 10-355
15 8-675 8-569 8-628 10-269
20 8-611 8-508 8-568 10-186
25 8-555 8-452 8-513 10-109
30 8-507 8-400 8-463 10 034
35 8-465 8-352 8-418 9-964
40 8-430 8-308 8-377 9-898
45 8-400 8-268 8-340 9-834
50 8-377 8-231 8-306 9-775
25° 8-54 8-44 8-51 —
■ From ref. 7.
The standard thermodynamic quantities A//25< AS26, and 
ACp,2i for the four phenols were obtained by applying the 
Harned-Robinson equation 8 and the Everett and Wynne- 
Jones equation 9 to the experimental results using standard 
least-squares multiple regression analysis techniques, and 
are given in Table 3. As both equations fit the results 
equally well over the experimental temperature range only 
the parameters for the Harned-Robinson equation
In K a = (AH 0/R T )  + (D /R ) -  {C TJR ) 
are given in Table 3.
6 G. F. Allen, R. A. Robinson, and V. E. Bower, J . Phys. 
Chem., 1962, 66, 171.
6 R. A. Robinson and A. K. Kiang, Trans. Faraday Soc., 1955, 
51, 1398.
7 A. I. Biggs and R. A. Robinson, J . Chem. Soc., 1961, 388.
8 H. S. Harned and R. A. Robinson, Trans. Faraday Soc., 
1940, 36, 973.
9 D. H. Everett and W. F. Wynne-Jones, Trans. F araday  
Soc., 1939, 35, 1380.
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An estimate of errors was made; the error in AG is about 
¿0-01 kcal. mole-1, that in AH  is ¿0-15 kcal. mole-1, and 
that in A S  is ±0-5 cal. deg.-1 mole-1.
Two previous determinations of the thermodynamic 
functions of ionisation of o-chlorophenol have been made. 
Chen and Laidler,10 using essentially the same spectro- 
photometric method as ours but over a narrower temperature
T able 3
Thermodynamic parameters of or/Ao-substituted phenols
P a ra m e te r o-Cl o-Br o-I o-E tO
AG25 (kcal. m o le '1) 11-67 11-63 11-61 13-79
AHts (kcal. m o le '1) 4-26 4-40 4-27 6-18
A Sti (cal. d e g . '1
m ole '1) ....................  - 2 4 - 9  - 2 3 - 9  - 2 4 - 6  - 2 5 - 6A Cp (cal. d e g . '1
m ole '1) .................  - 8 9  - 3 9  - 4 9  - 2 3
AH0 (kcal. m o le '1) 17-5717 10-2265 11-6374 9-6595
10*C ...........................  14-9743 6-55925 8-28862 3-91340D ..................................  64-4344 15-1813 24-7892 -2 -1 8 7 5 8
range, reported AG2B = 11-64 kcal. mole-1, AH2B = 4-18 
kcal. mole-1, AS2B = —25-0 cal. deg.-1 mole-1, ACv = —5T8
cal. deg.-1 (corrected ; see ref. 2), and Fernandez and Hepler,11 
using a microcalorimetric technique, gave AH 2S = 4-63 
kcal. mole-1 and A525 = —23-5 cal. deg.-1 mole-1. The 
divergence between these two sets of results is somewhat 
greater than might be reasonably attributed to normal 
experimental error and is in contrast to the good agreement 
found between the values obtained by the two experimental
group  of com pounds. T he resu lts  of th e  analyses in 
term s of th e  o th e r tw o relationsh ips are sum m arised  in 
T able 4 and  F igure 1.
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F igure 1 T a ft po lar equation  : ionsation  of o^Ao-sub- 
s titu te d  phenols
E q u a tio n  (1) can correlate  log K a of six m em bers of 
the  group very  well (Series A )  b u t phenol and  o-cresol 
could be considered to  lie in a  second series (Series B ) 
w hich is best correlated  b y  equation  (3). 2 ,6-D im ethyl-
T able 4
Taft equations : ionisation of or/Ao-substituted phenols
P roperty
correlated S u b stitu en ts
log K  (25°) H , OMe, O E t, Cl, Br, I , N 0 2, C H 3 
H , OMe, O E t, Cl, Br, I , NO*,» C H 8 
OMe, O E t, Cl, Br, I, N 0 2 
C H ,, H , N 0 2,° di-Me
A5(25°) OMe, O E t, Cl, Br, I, N 0 2, CH 3, H  
OMe, O E t, Cl, Br, I, N O ,,“ C H 3, H
N um ber P o lar energy equation
of —log K a b
substs. P* ( — A S0) r c S d
8 2-70 9-78 0-9300 0-384
8 1-99 9-72 0-9078 0-438
6 2-45 9-50 0-9950 ’0-099
4 1-99 10-04 0-9730 Ó-313
8 7-13 26-4 0-8624 1-51
8 5-75 26-4 0-9177 1-18
P o lar +  steric  equation
P* 8
- l o g  K 0* 
( - A  S0) r e S d
3-40 0-516 10-05 0-9370 0-365
2-04 0-049 9-74 0-9079 0-438
2-06 -0 -2 6 2 9-34 0-9955 0-094
2-33 0-537 10-08 0-9940 0-148
11-15 2-96 28-0 0-8925 1-34
8-76 3-02 27-9 0-9544 0-90
« E n hanced  c* value  used for th e  n itro-group. b R eference to  th e  m ethyl group. e C orrelation coefficient. d S tan d ard  error 
of th e  regression. Sources: O E t, Cl, Br, I, p resen t w ork; N O a, R. A. Robinson and  A. Peiperl, J. Phys. Chem., 1963, 67, 1723; 
CH3, H , ref. 10; OMe, F . J . Millero, J .  C. A hluw alia, and  L. G. H epler, J. Chem. Eng. Data, 1964, 9, 192.
techniques for phenol 10>11 and for -̂chlorophenol.2’11 
Our results lie very close to those of Chen and Laidler.
DISCUSSION
Using ou r resu lts  and  recen t ones for four o th er ortho- 
su bstitu ted  phenols for w hich T aft equation  param eters 
were available, we analysed  th e  effect of su b s titu en ts  
in term s of th e  T a ft linear polar energy re la tio n sh ip 12
log K  =  p* c* +  log K 0 (1)
the T a ft linear steric  energy re lationship  12
log K  =  8 . E& -f- log E 0 (2)
and th e  linear com bination  of these tw o equations
log K  =  p"*1 o* +  8 . E s  4- log K 0 (3)
E quation  (2) gave no significant correlations for th is
10 D. T. Y . Chen and  K. J . Laidler, Trans. Faraday Soc., 1962, 
68, 480.
p h e n o l10 also lies in series B  if b o th  th e  po lar and  steric  
effects of two ortho-m ethyl groups are considered to  be 
additive.
Two a* values are available for th e  n itro-group , a  
“ norm al ” value of 0*97 for use in those reaction  series 
w hich closely follow th e  defining reaction  series, and  an 
“ enhanced ” value (which will be referred to  as a* - ) 
of 1-39, analogous to  the  H am m e tt a~ values of certa in  
p a ra  su bstituen ts , for use in those reaction  series in w hich 
d irect conjugation  betw een th e  n itro -g roup  an d  th e  
reaction  centre is im p o rtan t. In  th e  ionisation  of 
phenols such d irect conjugation  is possible in th e  phen- 
oxide anion betw een the  phenolic oxygen and  th e  o- 
n itro-group  p rovided  the  n itro -g roup  is n o t p reven ted  
from  tak ing  u p  a  conform ation p lan ar to  the  ring. In
11 L. P . F ernandez an d  L. G. H epler, J. Amer. Chem. Soc., 
1959, 81, 1783.
12 R . W . T aft, in  M. S. N ew m an (ed.) “ S teric Effects in O rganic 
C hem istry ,” Jo h n  W iley and  Sons Inc., New Y ork, 1956, p . 609.
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the absence of any large steric hindrance therefore the 
a*~ value would be expected to be the appropriate 
parameter for this reaction series. If a*~ is used, 
o-nitrophenol lies in series B, but with the normal a* 
value it lies equally well in series A .
Inserting the log K a value for 2,6-dinitrophenol of 
Riccardi and Bresesti13 ( — 3-73) into the parameters of 
equation (1) which fit series A, we can calculate a a* 
value representing the polar effect of the dinitro-sub- 
stituent to be 2-35. This is exactly equal to the sum 
a* +  a*~. The same log K a value when used with the 
parameters of equation (3) which fit series B, assuming 
that the combined steric effect of the two ortho-nitro- 
groups is additive (an assumption which appears to have 
some experimental justification 14) gives a cr* value for the 
dinitro-substituent of 2-73, which is very close to twice 
o*~ for the nitro-group.
In using equation (1) to correlate the ionisation con­
stants of or/Ao-substituted benzoic acids and ortho- 
substituted anilinium ions, T aft12 found it necessary 
to omit the unsubstituted compound from the correl­
ation in each case. This was attributed to the presence 
throughout the series of a fairly constant resonance or 
steric substituent effect which was absent in the case 
of the unsubstituted compound. A similar reasoning can 
be extended to the phenol ionisation series: Series A 
most probably represents the case in which a reasonably 
constant perturbing effect is present; series B that in 
which it is absent or negligible. The nature of the 
perturbing effect, and also the anomalous position of 
the nitro-group, must remain open questions.
The entropies of ionisation for all eight ortho-sub­
stituted phenols are well correlated by equation (3), 
providing the a*~ value is used for the nitro-group. It 
has been shown 15 that, in contrast to most reaction 
series, the entropies of ionisation of ^«^-substituted 
phenols are “ better-behaved ” than the free energies 
of ionisation. The term “ well-behaved ” is used here 
in the sense of expected conformity to a simple linear 
free-energy relationship. Such good behaviour usually 
arises from the presence of a dominant substituent inter­
action mechanism. The results of the present work 
are in accordance with the opinion 15 that the dominant 
substituent interaction mechanism for the ionisation of 
both ortho- and ̂ «^«-substituted phenols is a substituent- 
induced disturbance of the rr-electron density of the ring 
causing a large change in the solvation state of the 
corresponding phenoxide anion which is, in turn, 
reflected in the entropy of ionisation. In general, the 
more effectively a substituent can delocalise the charge 
on the phenoxide anion the less solvation will occur 
around the functional group and the less negative AS 
will be.Further evidence that the same substituent inter­
action mechanism dominates the ionisation of both ortho-
18 R . R iccard i and  M. Bresesti, Ann. Chim. {Italy), 1960, 50, 
1305.14 P . D. B olton, unpublished results.
16 P . D. B olton, F. M. H all, and  I. H . Reece, Spectrochim. Acta, 
in th e  press.
Phys. Org.
and ^«^«-substituted phenols, and that it is therefore 
most probably electronic in origin, is given by Figure 2 
which shows the very high degree of linear proportion­
ality (r — 0-9906) existing between the entropies of 
ionisation of these two groups of compounds. Similar 
plots of the log Ka’s of the two series or plots involving 
^/«-substituted phenols show no such correlations.
Farthing and Nam 16 have suggested a planar free- 
energy relationship applicable to or/Ao-substituted
F igure 2 Correlation of th e  entropies of ionisation of ortho- 
an d p a ra -su b stitu te d  phenols [r = 0-9906; slope =  0-873]
Sources: orMo-Compounds as in Table 4 except for CHO; para­
com pounds: N O z, ref. 5; Br, Cl, I, ref. 2; H , Me, ref. 10; 
OMe, F. J . Millero, J . C. Ahluwalia, and L. G. H epler, J. 
Chem . E ng . Data, 1964, 9, 192; o- and p-CHO, idem , ib id . ,  
p. 319
reaction series which is defined in terms of the same de­
fining reaction series as the Hammett equation, viz., 
the ionisatiofi of benzoic acids in water at 25°. A sub­
stituent electronic parameter is defined as
° E  =  l b f l  [ K I K 0 )j,ara
and a steric substituent parameter as
== ( A j K  q)ortho ° E
and these are used in the four-parameter relationship
log K  =  pE aE -j- ps os +  log K 0 (4)
Charton 17 has shown that, in general, the electronic 
effects of or/Zw-substituents are linearly related to those 
of p«r«-substituents, thus putting Farthing and Nam’s 
equation on a firmer theoretical foundation, and Figure 2 
indicates that this almost certainly applies to the 
ionisation of phenols.As Table 5 shows, equation (4) can correlate well the 
log Ka values for the eight ort/io-substituted phenols, 
o-cresol being the only moderately deviating member. 
The difference in correlation achieved by using an 
enhanced oE value for the nitro-substituent is marginal, 
although the change in the reaction parameters is signifi­
cant, and the value of pE given by the use of the normal 
oE value is closer to the Hammett value of p =  2-24 for
16 A. C. F arth ing  and  B. N am , A bstracts of Papers Presen ted  
to  the  Chemical Society Sym posium  on Steric Effects in Con­
jugated  System s, H ull, England, 1958, p. 131.
17 M. C harton, J. A m er . Chem . Soc . , 1964, 86, 2033.
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T able 5
F a rth in g  and N a m ’s e q u a tio n : ionisation of oy/Ao-substituted phenols
Property Number of -log K 0 6 S *correlated Substituents substs. 9 e 9s ( ^ S q) r e
log K  (25°) H, OMe, OEt, Cl, Br, I, N02, CH3 8 1-96 101 10-0 0-9840 0-190
H, OMe, OEt, Cl, Br, I, N02,a CH3 8 1T5 1-25 10-21 0-9813 0-201
H, OMe, OEt, Cl, Br, I, N02 7 1-82 0-997 9-94 0-9983 0-059
H, OMe, OEt, Cl, Br, I, NOz ° 7 1-08 1-20 10-1 0-9990 0-045
AS (25°) H, OMe, OEt, Cl, Br, I, N02, CH3 8 8-71 --0-196 25-3 0-899 1-3
H, OMe, OEt, Cl, Br, I, N02,a CH3 8 5-81 0-386 25-9 0-943 0-990
H, OMe, O It, Cl, Br, I, NOa 0 7 5-59 0-214 25-5 0-960 0-801
° Enhanced value used for nitro-group. b Reference to unsubstituted benzoic 
error of the regression. For sources, see Table 4.
acid. c Correlation coefficient. d Standard
meta- and ^^-substituted phenols.7 (When the en­
hanced oe value of 1*27 was used for the nitro-group the 
normal as value of 1*27 was retained. There appears to 
be no valid reason to suppose that an enhancement of 
the electronic effect will cause a diminution of the steric 
effect as is implied by Farthing and Nam’s Table of 
substituent constants.) The entropies of ionisation of 
the phenols are also well correlated by equation (4), 
the enhanced oE value for the nitro-group giving a 
significantly better degree of correlation in this case. 
Again the methyl group is the main deviant member.
The better overall correlation achieved by equation (4) 
over the Taft equation is not altogether unexpected since
it is an obvious feature of free-energy relationships 
that the closer the reaction series being correlated is in 
type to the defining reaction series the greater the chance 
of a successful correlation. Nevertheless it does appear 
that the steric and electronic factors governing the 
ionisation of or//zo-substituted phenols are closely allied 
to those governing the ionisation of benzoic acids, except 
that the substituent effect of the methyl group is clearly 
different in the two series.
D e p a r t m e n t  o f  C h e m is t r y ,
W o llo n g o n g  U n iv e r s it y  C o l l e g e ,
T h e  U n iv e r s it y  o f  N e w  S o u t h  W a l e s ,
W o l l o n g o n g , N.S.W.,
A u s t r a l ia . [6/209 Received, February 18th, 1966]
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Effects of Substituents on the Thermodynamic Functions of Ionisation of 
meta-Substituted Phenols
By P. D. Bolton, F. M. H all, and I. H. Reece, Department of Chemistry, Wollongong University College, The 
University of. New South Wales, Wollongong, N.S.W., Australia
Thermodynamic ionisation constants of m-methoxyphenol, m-ethylphenol, /n-nitrophenol, and /7 7 -hydroxybenz- 
aldehyde have been determined by a spectrophotometric technique within the range 5—60*. Values for the 
standard free energy, enthalpy, and entropy changes have been calculated for the ionisation of each phenol. 
For a series of eight /nera-substituted phenols the Hammett equation is closely obeyed over the range 10—55% 
and the reaction parameter p is independent of temperature. The results are assessed in terms of a solvation- 
dependent mechanism.
R eaction series composed only of ^^-substituted  
benzene derivatives usually show closer obedience to 
simple linear free energy relationships than do their 
ortho- or />ara-substituted analogues. This is because 
the necessary conditions for such obedience1 are more 
often nearly reached in the mate-substituted compounds 
than in the others. However, in a more general correl­
ation of the effect of substituents on the thermodynamic 
properties associated with the ionisation of phenols, 
it was observed2 3 that the mate-substituted phenols 
appeared to be less “ well behaved ” than the ortho- 
and ^¿ira-substituted phenols. We now present the 
results of a spectrophotometric determination of the 
thermodynamic ionisation constants of four selected 
mete-substituted phenols, which, in conjunction with 
those studied previously by the same technique, permit 
further assessment of substituent effects in this class of 
compound.
EXPERIMENTAL
T h e  phenols were a ll com m ercial sam ples w hich were 
progressively purified either b y  va cu u m  d istillatio n  or b y  
recrystallisation from  water.
T h e  buffers chosen were : m -m ethoxy phenol, borax  
(ref. 3, T a b le  1 3 ) ;  m -hydroxybenzaldehyde, borax (Table  
13 ) ; m -ethylphenol, 1-am in oeth an ol (Table 17 ) ; m -n itro - 
phenol, tris(hydroxym ethyl)am inom ethane (Table 15). F o r
1 T. E . Leffler and E . Grunwald, “ Rates and Equilibria of 
Organic Reactions,” Wiley, New York, 1963, p. 192.
1  p  d  Bolton, F . M. H all, and I. H . Reece, S p e c t r o c h i m .
^ C**’r 9G. Bates and R . Gary, J .  R e s .  N a t .  B u r .  S t a n d . ,  1961,
65.4, 495.3 A
each buffer, values of the a c id ity  function p(aHyci) h ave been  
calculated over a range of temperature.® P re vio u s w ork 4,6 
indicated th a t in  solutions of ionic strength < 0 * 1  a  
reasonable estim ate of the therm odynam ic ionisation con­
stant of acids of the phenol type m a y  be obtained fro m :
V K e. =  P(«nyci) —  logio(*»A-/w HA)
T h e  use of th is equation im plies the assu m ptions: (i) th a t  
the a c tiv ity  coefficient of an  uncharged species is u n ity , in  
p articu la r th a t y nA =  1 '• (h) th a t the a c t iv ity  coefficients 
of s im ila rly  charged species are the sam e, in  p a rticu la r th a t  
y A— =  y ci- .  A H  m easurem ents were carried o ut using
T a b l e  1
Spectral characteristics of the m ete-substituted phenols
Molal Absorption of Isosbestic 
Phenol concn. base form (m[z) points (mjx)
m -Ethylphenol.......  1-8 X 10"4 289 259, 274
m-Methoxy phenol 2-6 x  10‘4 286
m-Hydrobenzalde-
hyde ....................  6 0 X 10 '5 357 287, 332
m -Nitrophenol.......  3*8 x  10 '4 420 290, 320, 360
buffers of ionic strength 0-04, in  w hich environm ent the  
above assum ptions are satisfactory in  term s of the precision  
of th is spectrophotom etric m ethod for acids of the phenol 
typ e .4-8 Correction was also m ade for the effect on the  
buffer of the ionisation of the phenol, b y  the procedure  
described b y  R o b in son  and K ia n g  7 b u t w ith  appropriate  
m odifications for the different buffer types used.
4 P. D . Bolton, F . M. H all, and I. H . Reece, S p e c t r o c h i m .  
A c t a ,  1966, 22, 1149.
6 G. F . Allen, R . A. Robinson, and V . E . Bower, J .  P h y s .  
C h e m . ,  1962, 66, 17 1.
8 P. D. Bolton, F . M. H all, and I. H . Reece, J .  C h e m .  S o c .  (B ) ,  
1966, 717.
7 R . A. Robinson and A. K . Kiang, T r a n s .  F a r a d a y  S o c . ,  
1955, 5 1, 1398.
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RESULTS
T h e  th erm od yn am ic ion isatio n  constants of m -m e th o x y- 
phenol, m -h yd ro xyb en zald eh yd e, m -ethylphenol, and m - 
nitrophenol, m easured over as w ide a  range of tem perature  
as w as p erm itted b y  the a c id ity  function d a ta  for each  
buffer, are in  T a b le  2, w ith  the o n ly  previous results.
T a b l e  2
T h e rm o d y n a m ic ion isatio n  constants (—log K &)  of 
m ete-substituted phenols
Temp.








5 ° 10-374 9-936 8-624 9-264
10 10-289 9-858 8-553 9-186
15 10-210 9-784 8-485 9 -114
20 10 -137 9-716 8-421 9-046
25 10-069 9-652 8-360 8-983
30 10-006 9-593 8-303 8-924
36 9-949 9-537 8-249 8-868
40 9-895 9-486 8-198 8-817
45 9-846 9-438 8-149 8-768
50 9-802 9-393 8-103 8-724
55 — 9-352 — 8-682
60 — 9-313 — 8-643
25 10-07 * 9-65 j 8-385 t 9-016 %
* E . L . Wehry and L . B . Rogers, J .  A m e r .  C h e m .  S o c . ,  1965, 
87, 4234. f A. I .  Biggs and R . A. Robinson, J .  C h e m .  S o c - ,  
1961, 388. f R . A. Robinson and A. K . Kiang, T r a n s .  
F a r a d a y  S o c . ,  1956, 52, 327.
C la rk  and Glew  8 recently described a new fa m ily  of non­
em p irical equations w hich represent the tem perature- 
dependence of e q u ilib riu m  constants in  term s of the standard  
th erm od yn am ic function changes. Fo llow in g  th eir re­
com m ended procedure, C la rk e  and G lew ’s m u lti-v a ria b le
where x  =  ( T  —  2 9 8 -15 )/2 9 8 -15 , gave the best fit to  the  
experim ental d a ta  for w -m ethoxyphenol and m -h y d ro x y - 
benzaldehyde, w hile the tw o -variab le  form  of the equation  
[ i . e . ,  equation (1) w ith  the term s in  d ( A C p ) / d T  om itted] 
gave the best fit for the d a ta  of the other two phenols. 
T h e  stan d ard  therm odynam ic function changes an d  their  
standard errors (Table 3) were then determ ined from  these 
equations.
T h e  previous estim ate of errors • in  the present technique, 
w hich w as obtained b y  em p irical m ethods, w as c le arly  over­
cautio us and is possibly more representative of the absolute  
error.
P re vio u s spectrophotom etric m easurem ents of the ionis­
ation of phenols 2>4-6’9 h ave used the em pirical equations of 
H a rn e d  and R o b in son  10 or E v e re tt  and W y n n e -Jo n e s 11 to 
calculate the therm od yn am ic function changes. B o th  of 
these equations, w hen fitted to the ionisation constants of 
the present w ork, gave, for each of the four phenols, the  
sam e values of A G 25, A H 22, A S 26, and A C p26  as those in  T a b le  
3, w ith in  the precision of the results. I t  appears th a t the  
“ equation error ” introduced b y  the use of an  em pirical 
expression is less th a n  experim ental error, and the results 
obtained p revio u sly  m a y  be used w ith  confidence for struc­
tu re correlation studies w ith in  the precision of the spectro­
photom etric technique.
F o r  three of the phenols a calorim etric m easurem ent of the  
en th a lp y  of ionisation has been m ade. H e p le r and his  
co-w orkers found A H 2h f ° r  w -m e th o x y p h e n o l12 to be 5260  
cal. mole-1  ( +  240 cal.), for m -h ydroxyb enzaldehyde 13 
5 17 0  cal. mole-1  ( +  17 7  cal.), and for m -n itro p h e n o l14 
4 7 10  cal. mole-1  (—81 cal.). T h e  figures in  parentheses are 
the differences between the enthalpies of the present work  
and those of H ep ler, and it  is perhaps g ratify in g  th a t two 
m ethods so different in  techniques and in  necessary assum p­
tions should give such close correspondence. T h e  close
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T a b l e  3
T h e rm o d yn am ic functions of ionisatio n of m ete-substituted phenols 
No. of
variables A G ts  A H u  A S u  A C p u  / d(ACp)\«V . «V --- AO ------>r£0 I I
Phenol m eqn. (cal. mole'1) (cal. mole'1) (cal. deg.'1 mole'1) (cal. deg.'1 mole'1) \  d T  /  t5
m -Ethylphenol .......................... 2 13,737-23 (± 0 -15 )  5294-4 (± 3 -3 )  - 2 8 - 3 1  (± 0 -0 1)  —47-5 (± 0 -5 ) 0-0
m-M ethoxy phenol .................  3 13,169-02 (±0-08) 5019-7 (± 3 -2 )  - 2 7 - 3 3  (± 0 -0 1)  —35-1 (±0 -3) - 0 - 1 4  (±0-04)
m-Hydroxybenzaldehyde... 3 12,255-63 (± 0 -12 )  4992-6 (±4 -6 ) —24-36 (±0-02) - 3 3 - 3  (±0 -4) —0-12 (±0-05)
m-Nitrophenol .......................... 2 11,405-66 (± 0 -12 )  4791-1 (± 2 -6 ) - 2 2 - 1 8  (± 0 -0 1)  - 2 0 -9  (±0-4) 0-0
equation 8 w as fitted to  the ionisation constants of the  
four phenols b y  least-squares m ethods using an  I B M -1620  
com puter, and investigated as a  representative function of 
log K a in  one to five independent tem perature variables. 
T h e  th ree-variab le  e q u a tio n :
RlnK,
AGgs A H 2& /  x  \  298-15 “** 298-15\ 1 +  x )
2 9 8 -1 5 /d AC,
\  d  T ') [x'f - / 26\ » = 1«
n
i n + 2(-*)*-l) ( 1 )
• E . C. W . Clarke and D . N. Glew, T r a n s .  F a r a d a y  S o c . ,  1966, 
62» 539.
9 D . T . Y .  Chen and K . J . Laidler, T r a n s .  F a r a d a y  S o c . ,  1962, 
58, 480.
10 H . S. Ham ed and R . A. Robinson, T r a n s .  F a r a d a y  S o c . ,  
1940, 86, 973.
agreem ent also reflects fa vo u rab ly  on the re lia b ility  of earlier 
studies b y  th is spectrophotom etric technique.
DISCUSSION
Of the thirty-one acid ionisations included by Jaffé 
in his review15 of reaction series obeying the Hammett 
equation, only that of substituted benzoic acids had 
been studied over a range of temperature (and over 
only a 30° range). W ells16 was not able to add to this number.
11 D . H . Everett and W . F . Wynne-Jones, T r a n s .  F a r a d a y  
S o c . ,  1939, 35, 1380.
19 F . J . Millero, J . C. Ahluwalia, and L . G. Hepler, J .  C h e m .  
a n d  E n g .  D a t a ,  1964, 9, 192.
18 F . J . Millero, J . C. Ahluwalia, and L . G. Hepler, J .  C h e m .  
a n d  E n g .  D a t a ,  1964, 9, 319.
14 L . P. Fernandez and L . G . Hepler, J .  A m e r .  C h e m .  S o c . ,  
1959, 81, 1783.
16 H . H . Jaffé, C h e m .  R e v . ,  1953, 53, 19 1.
14 P . R . Wells, C h e m .  R e v . ,  1963, 63. 17 1.
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T he p resen t resu lts , in  con junction  w ith  earlier 
m easu rem ents on m -halogenophenols,2 now perm it a 
s tu d y  of th e  obedience to  th e  H am m ett equation  of the  
ion isa tion  of phenols over a  45° range for a  w ide v a rie ty  
of w ^ ta-sub stitu ted  phenols, all m easured  u n d er th e  
sam e conditions b y  th e  sam e technique. T he s tu d y  
w as lim ited  to  m eta-substituents, in  accordance w ith  th e
Phys. Org.
close to  ours (Table 4, F igure  1). The degree of correl­
a tion  reaches Ja ffa ’s 15 “ excellent ” category  (r >  0-99) 
over th e  whole tem p era tu re  range.
P erhaps th e  m ost surprising  fea tu re  is th a t  th e  re ­
action  p aram ete r p is con stan t, w ith in  th e  erro r of correl­
a tion , over th e  w hole tem p era tu re  range. T his class of 
behaviour appears to  be qu ite  rare, and  W ells has show n 16
T a b l e  4
Ionisation of meta-substituted phenols; Hammett equation plot over a range of temperature
-logica
- ..... -A________
Phenol T o° 25° oO 55° an
P h e n o l9 ......... ............................................... 9-947 9-768 9-631 0-00♦ n-Cresol9 .................................................... ...........  10-319 10-095 9-913 9-767 -0 -0 6 9»w-Ethylphenol .................................... . ...........  10-289 10-069 9-895 9-761 -0 -0 4 3»n-M ethoxyphenol ................................. ...........  9-858 9-652 9-486 9-352 0-076w -C hlo ropheno l2 ..................................... 9-119 8-938 8-784 0-373w -B rom o p heno l2 ..................................... ...........  9-172 9-031 8-853 8-708 0-391m -Iodophenol 2 .......................................... ...........  9-180 9-033 8-848 8-697 0-352»w-Hydroxybenzaldehyde .................... ........... 9-186 8-983 8-817 8-682 0-355w -N itrophenol .......................................... ............ 8-553 8-360 8-198 8-060 0-710
2-28 ±  0-09 2-27 ±  0-09 2-28 ±  0-09Log K o (calc.) .......................................... ...........  -1 0 -1 2 -9 -9 1 - 9 -7 3 - 9 -5 9S tan d ard  d ev ia tio n  in  log K &.............. ...........  0-084 0-076 0-075 0-075C orrelation  coeff......................................... ...........  0-9920 0-9929 0-9931 0-9931
* Value taken from ref. 15. f Value taken from ref. 16; except where indicated, an values are taken from ref. 17.
procedure recom m ended b y  v an  B ekkum , V erkade, and  
W epster,17 in  o rder to  avo id  th e  variab le  resonance 
stab ilisa tion  influences of th e  />ara-substitu ted  com ­
pounds of th is  series.
Chen an d  L aid ler’s m e asu rem en ts9 on m-cresol, 
ex trap o la ted  as necessary, hav e  been included  in th e  
correlation , since th e ir  m ethod  an d  conditions are very
17 H. van Bekkum, P. E. Verkade, and B. M. Wepster, Rec. 
Trav. chint., 1955, 78, 815.
th a t ,  theoretically , i t  should arise for an  isoen thalp ic  
reaction  series which obeys th e  H am m e tt equation . 
The observed m axim um  change in A o v e r  th e  n ine 
phenols in  Table 4 is ac tu a lly  503 cal. m o le '1, a n d  p 
w ould therefore p robab ly  show  a  sm all tem p era tu re - 
dependence if th e  correlation  were carried  o u t over a  
w ider tem pera tu re  range.
F o r m ost reaction  series a  change of su b s titu e n t causes 
A H  an d  A S  to  v a ry  in  th e  sam e direction . T h is  "  com ­
pensation  effect ” has been discussed in  deta il elsew here.18 
F o r th e  p resent series of w ^ ta-substitu ted  phenols th e  
change in  A H  w ith  su b s titu tio n , a lthough  sm all, is in  
th e  opposite d irection  to  th is, i.e ., as A H  increases AS 
becomes m ore negative. This im plies th e  existence 
betw een th e  tw o q u an titie s  of an  isoequilibrium  re la tio n ­
ship of negative slope.
The usual m ethod  of detec tin g  an  isoequilibrium  re ­
lationship, b y  p lo ttin g  BAH against SAS (where BAH  
is a  su bstituen t-induced  change in  A H , etc.) gives only  
a  sca tte r d iagram  w ith  th e  p resen t resu lts, p ro b ab ly  
because th e  erro r in  m easuring  A H  is appreciab le com ­
pared  w ith  th e  general m ag n itud e  of BAH. H ow ever, 
for the  ionisation  of phenols b o th  SAG an d  SAS can  be 
m easured w ith  g rea te r precision th a n  BAH, an d  an  
isoequilibrium  tem p era tu re  can  be ca lcu la ted  from  th e ir  
re lationship .
A ssum e th a t  for a  given reaction  series AG  an d  A S  
show a  linear relationsh ip , i.e .,
BAG =  y.BAS
18 R. A. Fairclough and C. N. Hinshelwood, J . Chem. Soc. 
1937, 538, 1573; J. E. Leffler, J . Org. Chem., 1955, 20, 1202* 
O. Exner, Coll. Czech. Chem. Comm., 1964, 29, 1094.
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T hen, since
SAG •= SAH  -  T 8A S  
SA H  — T SA S  =  y .S A S  
or
SA H  =  (T  +  y)SAS
T hus, an  isoequilibrium  tem p era tu re , p, m ay  be cal­
cu la ted  from  p =  T  +  y  w here y  is th e  slope of a 
linear p lo t of • AG against AS for th e  reac tio n  series, 
and  T  is th e  tem p era tu re  of m easurem ent.
I t  w as previously  o b se rv e d 2 th a t  ortho- an d  ^ a m - 
su b s titu te d  phenols show  good linear correla tion  betw een 
AGjjg and  AS25, w ith  th e  po in ts  for b o th  series ly ing on th e  
sam e s tra ig h t line of slope (SAG/SAS)25 — —419°. 
T his corresponds to  a  v ir tu a l isoequilibrium  tem p era tu re  
of —121 °k . In  th e  sam e previous s tu d y  a  series of 
m e/a-substitu ted  phenols, five stu d ied  calorim etrically  
and  five spectropho tom etrically , show ed only  a  very  
app ro x im ate  correla tion  betw een AG ^  an d  A S^.
If  a tte n tio n  is now  confined to  th e  spectropho tom etric­
ally  m easured  q u an titie s  of th e  p resen t series of m eta- 
su b s titu te d  phenols, th e n  AG ^  shows (F igure 2) th e  sam e 
good lin earity  w ith  AS25 as w as found for th e  ortho- 
and  p a ra -series, b u t  w ith  a  significantly  d ifferent slope 
of (SAG/SAS)25 =  —367°, w hich corresponds to  an  iso­
equilibrium  tem p era tu re  of — 69°k . I t  should  be n o ted  
th a t ,  because of th e  appreciable v aria tio n  w ith  tem ­
p era tu re  of A H , th e  isoequilibrium  tem pera tu res are 
n o t co n stan ts  b u t  will them selves be functions of tem ­
pera tu re .
T he m ain  conclusions w hich m ay  be d raw n from  these 
re lationships are, first, th a t  ortho- and  ^»am -substituted 
phenols, since th e y  share  a  com m on isoequilibrium  
tem pera tu re , are m ost p ro bab ly  governed b y  th e  sam e 
su b s titu en t in te rac tio n  m echanism  in  th e ir  ionisation  
reactions, w hich operates to  app ro x im ate ly  th e  sam e 
e x te n t in b o th  series; o th e r evidence has previously
been  presented®  th a t  a  su b s titu e n t in te rac tio n  m ech­
anism  of an  electronic n a tu re  governs these  tw o series. 
Secondly, th e  ionisation  of m e/a-substitu ted  phenols, 
w ith  a  d ifferent isoequilibrium  tem p era tu re , is e ith er 
governed b y  a  d ifferent in te rac tio n  m echanism  from  
th a t  in  th e  ortho- an d  p a ra -series, or, m ore p robab ly , 




B oth  of th e  above poin ts, a n d  all th e  new  values of 
therm odynam ic function  changes rep o rted  here, are in 
agreem ent w ith  th e  previously  expressed v ie w 6 th a t  
th e  dom in an t su b s titu en t in te rac tio n  fac to r in  th e  ionis­
a tio n  of phenols is th e  e x te n t of delocalisation  of charge 
aro un d  th e  ring  in  th e  phenoxide anion. T he m ore the 
su b s titu e n t is able to  delocalise th e  charge, th e  sm aller 
th e  degree of so lvation  a ro un d  th e  functional group  in 
th e  anion, a n d  th e  less negative AS25 becom es.
[6/1064 Received, August 22nd, 1966]
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Adaptation of an Optica CF 4 spectrophotometer for spectral measurements over a range of temperature
F. M. HALL and I. H. REECE
Chemistry Department, Wollongong University College, Wollongong, New South Wales, Australia
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4bstract. A. means of adapting an Optica CF 4 spectrophotometer for measurement of the absorption spectra of solutions over a range of temperature has been devised. The alterations are simple and do not affect routine operation of the instrument.
There is an increasing need for spectral studies to be carried out over a substantial temperature range. Our requirements were met by the adaptation of an Optica CF 4 manual spectrophotometer, the unique construction of which per­mitted ready and inexpensive modification of existing equip­ment. Minimal workshop facilities were required, no machining was necessary and the normal operation of the instrument was unchanged.Briefly, the alterations consisted of replacing the plastic undercarriage on which the aluminium cell holder normally rests by one made of brass and through which thermostat liquid was circulated. Figure 1 is an exploded view of the assembly. The |  in. brass plate (figure 1 (a)) was accurately set into the brass band (figure 1 (b)) and fixed with silver
solder. Precise location of this plate was important because it determined the position of the cells and cell carriage with respect to the light beam. The base-plate (figure 1(c)) on which the cell arrangement slides was then attached. Loca­tion of the tubes was found not to be critical while a substantial fluid flow was able to carry away trapped air. Thermal conduction through the metal sliding arm was minimized by screwing a threaded plastic connector to the side of the metal band of figure 1(b) to receive the metal sliding arm which was readjusted for length.Passage of the liquid lines from beneath meant cutting a slot (approximately 4i in. x i  in.) in the plastic cell compartment and also in the base-plate (approximately 4-\- in. x f in.) sufficient in length to allow full travel of the cell holder and
rubber tubes (figure 2). Because of the positions of the slots it was necessary to construct a light trap capable of moving with the rubber leads. This was simply achieved by taking a small sheet of fibre insulation through which two holes were accurately cut to fit tightly on the rubber tubes. The fibre at all times covered the slot in the base-plate and supported a thickness of black Italian cloth which fell over the edges of the fibre and which was in turn held down by the weight of a thin pliable neoprene sheet (figure 2).
Temperature measurements were made using a Chromel-Alumel thermocouple, the hot junction of which was sheathed in glass and dipped into the appropriate cells. The leads passed through a rubber stopper placed in the existing screw-hole normally provided for adjustment of the manual sliding arm, thence through the slot in the base-plate to the measuring apparatus. Tests carried out on the apparatus at a temperature 25 degc above ambient showed a 1 degc difference between the cells and the thermostat fluid. A total variation of only 0 • 05 degc was noted within the solutions in the cells because of the thermal contact with the aluminium cell carriage. This precision was entirely satisfactory for enthalpy and entropy measurements by the spectrophoto- metric method where a variation of ±0-1 degc may readily be tolerated.
Although stoppered cells are now available (cells free of strain are manufactured by Hellma GMBH and Company,
Laboratory and Workshop Notes
Muellheim-Baden, West Germany) we had need to adapt the open, 1 cm, square cells for use where evaporation was appreciable. For this purpose a \  in. ceramic thermocouple bead was coated and cemented to the top of each quartz cell using epoxy resin. Small rubber or Teflon stoppers then prevented loss of solvent.
The above apparatus and modifications have since been used extensively without maintenance. A basic advantage of this overall arrangement is that the instrument is never out of normal operation. Together with a plastic lid over the cell compartment (figure 2) the apparatus has been used to study spectra from 5 to 65° c with good thermal stability.
UNWIN BROTHERS LIMITED, WOKING AND LONDON
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The association of alcohols in solution and in the vapour phase*
Queensland Institute of Technology, 
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Department of Physical Chemistry, The School of Chemistry, The University of 
New South Wales, Kensington, Australia
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Abstract—A comparative survey is presented in which infrared spectroscopic features (vnee, 
A*-, j’j/a) of the interaction of a range of alcohols with vario^o proton acceptors in the gas phase is 
given and compared with the corresponding features in carbon tetrachloride solution. In both 
phases vtree is found to be sensitive to adjacent methyl group substituents. The frequency 
shifts on association (Av) in the two phases are related by
Arvapour =  —1*7 +  0-816(Avccl4) +  1-2 x 10-4(Arcci4)2 cm-1.
A product rule Av =  D  . A  cm-1 is quantitatively applicable in the vapour phase and closely so 
in CC14. Various proportionality constants, characteristic of different classes of proton acceptors 
have been shown to exist between v1/2 and Av in both phases.
Numerous studies of association in the vapour state have been made involving the 
hydrogen (and deuterium) halides [1-6] while other measurements have included 
hydrogen cyanide [7], trifluoroacetic acid [8, 9] and nitric acid [10, 11]. No systema­
tic attempt, however, hp been made by spectroscopic methods to study the associa­
tion of a range of alcohols in the gas phase although instances of such association 
have been reported for methanol [12-18]. *1
* For Part I see: J. A. Pullin and R. L. Werner, Spectrochim . A c ta  21, 1257 (1965).
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The hydrogen halides associate with proton acceptors to form a broad band in 
the 2000-4000 cm 1 region having PQE form but without further fine-structure, 
while similar bands characteristic of the vapour ooeur with HCN and H N 03. The 
association bands of methanol are simpler and resemble in appearance the spectra of the condensed phase.
Studies of intermolecular interaction in the vapour phase between two molecules 
possessing proton donor and proton acceptor charac >ristics could be important, 
however, as such measurements eliminate solvent contributions, the extent of which 
is otherwise difficult to gauge. Results are presented below of a study of the associa­
tion of some 30 systems in the vapour phase together with similar data for the same 
systems in carbon tetrachloride solution. These comprise a range of volatile alcohols 
of varying proton donor properties interacting with representative acceptors.
E x p e r i m e n t a l
All measurements were carried out with a Perkin-Elmer Model 99 single-beam 
double-pass spectrometer equipped with a LiF prism. A spectral slit-width of 5 cm-1 
was selected as the best compromise between signal-to-noise and resolution for both 
solution and vapour measurements. Calibration was effected with water and am­
monia vapour and checked by the water vapour absorption present on each trace. 
On sharp bands a frequency accuracy of ± lcm -1 could be achieved but on broad 
association bands the error may be as high as 5 cm-1.
(a) Vapour measurements
Conventional cells of 10 cm length and folded-path cells of 40 cm and 1 m optical 
path were used at a temperature of 27 ±  1°C. Each cell was fitted with inlet and 
outlet tubes for evacuation and admission of samples. Acceptors were admitted as 
vapours from a gas Handling system. The alcohols were introduced through a 
septum by injection using a graduated microlitre syringe. Generally, spectra were 
recorded as follows. Each alcohol was first examined alone over a range of concen­
trations up to saturation. In only two cases was self-association observed (methanol 
and 2,2,2,-trifluoroethanol, henceforth abbreviated T.F.E.) but concentrations below 
these association levels were selected for measurements of the proton donor- 
acceptor type of association under investigation. In such studies the gas cell was 
first charged with the acceptor species to the extent of approximately half of its 
saturated vapour pressure. This spectrum was recorded as the 70-line where the 
particular alcohol exhibited no general absorption in the region of the association 
band. An amount of alcohol was then injected into the cell resulting in the appear­
ance of both monomer and association bands (the 7-line). All spectra were plotted 
in percentage transmission or absorbance to yield the band contours. In cases where 
there was general absorption by alcohol e.g. t-butanol, correction had to be made by 
subtraction of this absorbance from the 7-line. The lack of fine-structure was an 
advantage especially where considerable overlap occurred with the monomer band. 
In the case of carbonyl compounds the presence of the 2rc=0 absorption created 
some uncertainties in measurement of peak maxima and half-widths. This was 
particularly the case with acetone and may be the reason for the scatter of points 
in Fig. / .  3
Intermolecular interaction in solution—II 1273
Fig. 1. f̂fippo*1 framo) 2,2,2-trifluoroethanol-l (T.F.E.) hydrogen bonded to 
acetone in the vapour phase (solid line) and in CC14 solution (broken line).
Saturated vapours were found to give unreliable spectra and were generally 
discarded. Such cases arose where the vapour pressure of the associated complex 
was substantially lower than that for either component, so that a saturated vapour 
was produced on mixing.
Both the monomeric OH absorption band and the association band were care­
fully studied in order to determine Av. In most cases the monomer band contours 
were symmetrical about the band centre. The peak frequency for the dimeric self­
association band of methanol was obtained by subtracting the absorbance of 75 fA 
liquid methanol evaporated into the 40 cm cell, from three times the absorbance of 
25 [i\ in the same cell. Saturation was reached at about 75 //I of sample.
(b) Solution measurements
Solution spectra were recorded in the usual way with 1 cm cells and at a tem­
perature of 25°C. Alcohols were used at a concentration level too low for self­
association to appear while preparation and handling of solutions was conducted 
under anhydrous conditions in a dry-box. It was not possible to study the association 
of propargyl alcohol with acetone due to the overlap of the association band by the 
2vc0 of acetone and the r_c__H of the alcohol.
(c) Materials
The acceptors were spectroscopic quality solvents dried as necessary over 
molecular sieve. The alcohols were spectroscopic grade or were good commercial 
samples, distilled and dried with molecular sieve. Carbon tetrachloride was refluxed 
with P20 5, distilled, dried and stored in bottles in a desiccator containing P20 5.
Calculations were made using an I.B.M.-1620 computer.
Results
Frequency measurements in the vapour state are presented in Table 1, which 
includes the monomeric hydroxyl frequency of each alcohol and the frequency shift 
Av on complex formation, appropriate to each of the proton acceptors. The approxi­
mate half-intensity band-widths (v1/2) are presented in Table 2.
The pattern of the interaction and the appearance of the spectra were very 
similar to those in solution. One obviously different feature, however, was the
2
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T able 1. M onom er frequencies (cm-1) an d  frequency ’ ifts (Av cm  1) for 
association  in th e  v ap o ur phase a t  27 °i
Alcohol t-b u ta n o l ethano l m ethanol propargy l T .F .P .* T .F .E .*
M onom er 3646 3675 3688 3663 3658 3659
A cceptors
A cetaldehyde 90 89
.•A rone 96 90 108 § 125 162/114t
M ethyl ace ta te 65 66 108 117
D iethy l e th e r 116 129 133 178 210 218
T e trah y d ro fu ran 115 118 124 174 210 216
p-D ioxano 100 184 191
t-B u ta n o l 115 180 188
M ethanol 88 156 171/220Î
A ceton itrile 58 103 104
P yrid in e 210 370 370
O th er m onom er frequencies: n -b u tan o l (3673), sec-butanol (3661), iso-propanol 
(3659) an d  allyl alcohol (3663).
* T .F .P . =  2 ,2 ,3 ,3-tetrafluoro  p ro pan -l-o l.
* T .F .E . =  2,2 ,2-trifluoro e thano l.
f  A ssociation  b an d  d oub le t (centre 138 cm -1).
% Shoulder '■ '■ '220.
§ Single m easuren ' M 41 °C.
T ab le  2. H alf-in ten sity  b and-w id ths (v1/2 cm -1) for m onom er and  association  bands
in th e  v ap o ur phase a t  27 °C.
Alcohol t-b u tan o l e thano l m ethanol p ropargyl T .F .P .* T .F .E .*
M onom er 33 58 85 53 30 2
A cceptors
A cetaldehyde 88 140
A cetone 106 134 168
M ethyl A cetate 55 151
D ie thy l e th er (40) 51 69 80 93
T e trah y d ro fu ran (50) (65) 81 81 99 101
p-D ioxane 87 91
t-B u ta n o l 76 108
M ethanol 123
A cetonitrile 63
P y rid in e 105 140
* T .F .P . =  2 ,2 ,3 ,3-tetrafluoro  propan-1 -ol.
* T .F .E . =  2 ,2,2-trifluoro ethano l.
f  Aoaooiathwfr-fceaftd-doublofc'' (oontro 138 om~4),
 ̂-Shoulder
• ■ § Single mooawpomont
appearance of the vibration-rotation envelope for the monomeric hydroxyl group, 
especially for the smaller molecules. The alcohols, with one exception, showed 
varying evidence of PQR structure, the Q branch having the highest absorption. 
Propargyl alcohol exhibited no Q branch, appearing only as a doublet (Fig. 2).
The association band, where its contour could be established (Table 2) was 
generally of simple form, not necessarily symmetrical but without a suggestion of 
PQR  type structure. Figure 2 is a typical example. However where T.F.E. hydrogen
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Frequency, cm-1
Fig. 2. (Lower frame) Propargyl alcohol hydrogen bonded to diethyl ether in the 
\apour phase (solid line) and in CC14 solution (broken line). Bands at the extreme 
right correspond to the acetylenic CH stretch.
bonded to acetone double bands were observed (Fig. 1), having the appearance of 
two comparatively broad overlapping association bands. Variation of experimental 
conditions repeatedly indicated that this result should be attributed to the associa­
tion between this alcohol and acetone and not to additional self-association. 
Association of T.F.E. to methanol gave a band with a shoulder on the low frequency 
side (Ar ^  220 cm-1) of the main band. s
A single measurement at 41°C (propargyl alcohol and acetone) illustrates a 
phenomenon sometimes characteristic of these systems, that despite the lower 
value of the equilibrium constant the observable extent of the association sometimes 
increases with temperature by virtue of the increased vapour pressure of the alcohol. 
At 27°C the association was detectable but not measurable.
No equilibrium constants have yet been measured for these systems but it 
would be reasonable to expect the value for association to decrease with increasing 
temperature as shown for HF [2] and methanol [13] with acceptors. Measurements 
of equilibrium constants are being made and will be reported later. I t  would appear 
th a t the combination of low vapour pressure of the associated complex and the 
degree of general absorption in this region due to the proton donor and acceptor 
molecules is the principal limiting factor in the observation of the association process 
by this spectroscopic method at temperatures near 25°C. Well-defined spectra are 
produced when the alcohol has a high vapour pressure (methanol) or high proton 
donating capacity (T.F.P.) or both (T.F.E.).
In  spectroscopic studies it is uncommon for alcohols to exhibit their proton 
accepting capacity in ways other than in self-association. Methanol and t-butanol, 
however, will be seen to fit well with the range of acceptors (Table 1). I t  may readily 
be demonstrated tha t in the presence of a stronger proton donor than the particular 
alcohol under consideration that alcohol readily behaves as an acceptor. Similar 
circumstances have been described in solution [19]. "
Calculations taking into account band overlap showed that the monomeric 
absorbance of T.F.P. decreased by 34% while that for methanol decreased by only 
13% when 15 ¡A T.F.P. was interacted with 26 /¿I methanol in the 40 cm cell. As
[19] L. J. B e l l a m y  and R. J. P a c e , Spectrochim. Acta 22, 525 (1966).
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the association band exhibited only a simple contour one may reasonably assume 
the value of Av primarily to reflect the association between fluorinated alcohol as 
donor and methanol as acceptor. Other results presen- I in this paper are in keeping 
with this view. The concentrations of alcohols described above are each singly 
insufficient to induce self-association but when mixed a strong interaction followed. 
It would be expected that the proton accepting centre of an alcohol would decrease 
in this capacity as the donor strength increased, hence T.F.P. (neglecting the halogen 
atoms) would be expected to possess a weaker proton accepting centre than that in 
methanol. For possible association of methanol as donor with the oxygen of T.F.P. 
<-3 acceptor, the value of Av would be expect^ to be less than that for methanol 
dimer (<  88 cm-1). Some absorption in this region was noticeable but was too weak 
for any clear measurement ( < 2 %  absorption). These experiments indicate the 
strongest interaction and, where there is more than one possibility, must reflect 
on the largest free energy change. Similar results have been obtained for the hetero 
association of acetic acids [8] in the vapour phase.
The situation becomes clearer on progressing to alcohols which are stronger 
donors (e.g. T.F.E.) and other alcohols which are weaker donors and therefore 
stronger acceptors (e.g. t-butanol). On the other hand, as the relative donating 
and accepting capacities approach each other, increasing ambiguity is to be expected, 
but even for the interaction of t-butanol and methanol the result is clear, the former 
acting as acceptor. It will be noted that the proton accepting powers of these 
ordinary alkyl substb ”fod alcohols is of the same order as that of the three ethers 
in Table 1 and is stronger than that of acetone.
Discussion
Monomer frequencies
The vapour phase results of Table 1 show OH monomer frequencies that vary 
only slightly with changing donor capacity as measured by the usual hydrogen 
bonding properties, but where methyl groups are progressively substituted adjacent 
to the hydroxyl, there is an average drop of 14 cm-1 for each successive addition to 
methanol as reference. Except where there are two or more methyl groups adjacent 
to the hydroxyl, the frequency shift on passing into solution ((rv — vs) in Table 5) 
is nearly constant, most points falling in the range 40 ±  4 cm-1. The single result 
for phenol reinforces the observation that this shift is also independent of donor 
capacity. Clearly the methyl substituent has a pronounced influence on the hydroxyl 
frequency both in the gas phase and in solution. In the vapour there is an average 
drop of 14 ±  2 cm-1 in the free hydroxyl frequency for each methyl group added to 
methanol. In solution the value is 8 ±  2 cm-1. Previous work [23] on methyl 
groups adjacent to chloro-substituents indicates an interaction affecting solvation 
of the functional group.Measurement of the monomeric OH frequencies of many alcohols in solution is 
complicated by the presence of rotational isomers which generate complex absorp­
tion bands. Careful studies of such band components have been made [20] and for 
the series methanol, ethanol, isopropanol and t-butanol, where the hydrogens of
[20] T . D . F l y n n , R . L . Werner  and  B. M. Graham, A u stra lia n  J .  Chem. 12, 575 (1959).
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methanol are progressively methylated, show that the hydroxyl bands of methanol 
and t-butanol are simple while the remainder have two components.
Examination of molecular models based on van der Waals radii suggest the 
following. For methanol the OH group may be rotated about the C—0  bond and in 
so doing there would be small potential humps of equal height 120° apart. Presumably 
the stationary configuration of least energy would be that with the hydroxyl proton 
staggered with respect to those of the methyl group. The band in solution is simple 
(only 2% minor component) and suggests only one configuration. t-Butanol may be 
considered as derived from methanol by replacement of each methyl hydrogen with a 
methyl group. As in methanol, the OH group may be rotated about the C—0  bond 
in most configurations of the methyl substituent, however, the eclipsed arrangement 
of each carbon atom with respect to that of the COH group appears to be an un­
satisfactory one for the methyl groups as these clearly touch. This suggests a pre­
dominance of staggered methyl groups which would again present symmetrical 
potential barriers to rotation of the OH group, but of greater height than in methanol. 
Again, the absorption band in solution has a simple contour, perhaps reflecting the 
equivalence of rotamers. In ethanol and isopropanol this symmetry is removed. 
For ethanol the OH may lie either toward or away from the methyl, which itself 
may be either staggered or eclipsed in relation to the a-carbon. Since the absorption 
in solution has two components several^of these arrangements may exist. In iso­
propanol the two methyl groups would|probably be in staggered orientation with 
respect to the a-carbon because in the eclipsed form the methyl groups again touch. 
If this is borne out m the molecule then the OH proton may still find itself in one 
of two distinct locations, either (i) adjacent to one or both of the methyl groups, 
or (ii) directed towards the a-CH link. The absorption in solution shows two com­
ponents suggesting that each of these possibilities may exist.
In our vapour measurements it is not possible to distinguish rotational isomers 
as it is in solution hence further such comparisons are limited. It is interesting, 
however, to compare the magnitude of the frequency shifts produced by methyl 
groups and those shifts produced by gross electronic structural effects. For example, 
the frequency in the vapour drops from 3688 cm-1 for methanol to 3653 cm-1 for 
phenol and to 3646 cm-1 for t-butanol.
Frequency shifts
Choice of AvT of some reference alcohol (T.F.E.) with any given acceptor, together 
with Av of other alcohols associating with the same acceptor gave a value of AvfavT 
which was approximately constant for each alcohol. These results are presented 
graphically in Fig. 3 using Av of T.F.E. as reference. The lines for methanol and 
T.F.P. are those from least squares treatment of the data. The standard deviation 
(7 cm-1) was such that it is clear the lines would, within these limits pass through tha 
origin. In the remaining cases too few data were available and lines were constructed 
to pass through the origin also. Thus, within experimental error the systems studied 
show adherence to the product rule Av =  D . A cm-1 [24], where D  and A represent
[21] P . B allanger an d  F . A. L ong, J .  A m .C h e m . Soc. 82, 795 (1960).
[22] J .  C. E va ns , Spectrochim . A c ta  16, 1382 (1960).
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F ig . 3. P lo ts  o f Avr (T .F .E .) aga inst Av for each o th er alcohol in  tu rn , dem on­
s tra tin g  th e  p ro d u c t ru le  in  th e  vap o ur phase. The alcohols are rep resented  as 
t-b u ta n o l (black circles), m ethanol (open circles), p ropargy l alcohol (triangles),
an d  T .F .P . (squares).
appropriately defined donor and acceptor capacities. Using Avr (i.e. Av of an acceptor 
associating with T.F.E.) as a suitable value of A, then D  for each alcohol is given by 







These values parallel the p if0 values in aqueous solution (Table 5).
The same type of plot representing Av for the association process in carbon 
tetrachloride is presented in Fig. 4. All lines result from least squares treatment of 
the data. They do not pass through the origin but meet the reference axis each with 
a small but definite positive intercept. The reference alcohol (T.F.E.) is represented 
of course by a line of 45° slope passing through the origin.
Comparison of Tables 1 and 3 makes it clear that Av is about 15% smaller in the 
vapour than in solution, indicating the small influence of the solvent in effecting the 
association. Figure 5 illustrates the general proportionality of the two quantities for 
all hydrogen bonded pairs measured. Only one other point was available (methanol 
and triethylamine [13]) and this also fell on the line. There appeared to be slight 
curvature in the arrangement of points. Accordingly regression lines of linear and 
quadratic form were fitted by the method of least squares. Statistical tests showed
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Fig . 4. The sam e p lo t as in F ig . 3 for m easurem ents in  CC14 solution . The coding 
rep resen ting  each alcohol is also th e  same.
T able  3. M onom er frequencies (cm-1) and  frequency shifts (Av cm -1) fo r 
association in carbon te trach lo ride  a t  2 5 °C
Alcohol t-b u tan o l ethanol m ethanol propargyl T .F .P . * T .F .E .*
M onom er 3619 3634 3644 3624 3622 3622
A cceptors
A cetaldehyde 132 142
A cetone 100 118 170 180
M ethyl ace ta te 69 76 98 128 139
D iethy l e th e r 129 144 153 194 235 237
T e trah y d ro fu ran 145 154 161 210 251 254
p-D ioxane 118 129 170 208 213
t-B u tan o l 121 136 175 221 220
M ethanol 111 150 190 193
A cetonitrile 74 74 101 132 131
P yrid in e 249 282 367 430 425
O ther m onom er frequencies: n -bu tano l (3639), sec-butanol (3631), iso-propanol 
(3628) an d  allyl alcohol (3622).
* See foo tnotes to  T able 1.
small differences between the results but the parabola in Fig. 5 was the better fit. 
The resulting expression was then:
Avv =  —1*7 +  0*816(Ars) +  1-2 X 10~4(Ars)2
with a standard deviation of Avv of 11-2 cm-1 and correlation coefficient of 0*988.
Thus for small shifts the ratio of frequency shift in the vapour to that in carbon 
tetrachloride approaches 0*816. The three points T.F.P./pyridine, T.F.E./pyridine 
and methanol/triethylamine [13] give corresponding values of 0*861, 0*871 and 0*860
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F ig . 5. Ar in  CC14 so lution  p lo tted  against Ar in th e  vapour, fitted  to  th e  least
squares parabo la ,
A r,._ lir =  - 1 -7  +  0-816(AvCCl4) +  1-2 X 10"4(AVcCl4)2
respectively. It is suggested that the values of the ratio show a tendency to approach 
asymptotically a value of unity for high frequency shifts. In such cases the associa­
tion between the donor and acceptor is strong, the mean inter-nuclear distance 
between the proton and the opposite atom small and the residence time compara­
tively long. As such the solvent has little effect in determining the shift although it 
may in an indirect way affect the absolute frequency of the mode. As the bond 
becomes less strong the mean internuclear distance increases and the solvent has a 
greater influence resulting in a lower shift ratio becoming apparent.
The means are now provided of at least estimating the frequency shift to be 
expected in the vapour phase for many other associating pairs of molecules which
T able  4. H alf-in ten sity  band-w id ths o f th e  association b an d  in 
carbon  te trach lo ride  a t  25°C (v!/2 cm "1)
Alcohol t-b u tan o l e thano l m ethanol p ropargy l T .F .P .*  T .F .E .*
A cceptors  
A cetaldehyde 
A cetone 
M ethyl ace ta te
D iethy l e th e r 84
Tetrahydrofuran 112
jp-Dioxane





93 122 149 149
92 119 146 133





* See footnotes to  T able 1.
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Difference (Vv — vB) (cm-1)
Solution components*
Minor band 
(%  to ta l
band area) Major band piT0f
M ethanol 3688 3644 44 3668 (2%) 3645 15-5E thanol 3675 3634 41 3627 (13%) 3637 15-9n-B utanol 3673 3639 34 3626 (14%) 3639iso-Propanol 3659 3628 31 3614 (7%) 3629sec-Butanol 3661 3631 30*en-Butanol 3646 3619 27 — (0%) 3619Allyl 3661 3622 39 3639 (19%) 3622 15-5Propargyl 3663 3624 13-6C H F2.CF2.CH2OH (T .F.P .) 3658 3622 36 12-7CF3.CH2OH (T.F.E.) 3659 3622 37 12-2Phenol 3653 J 3610J 43
* M .  [20]. 
t  Ref. [21]. x Ref. [22J.
are at present beyond the range of ready measurement. This requires only knowledge 
of the Av value in carbon tetrachloride solution. Furthermore, the vapour monomer 
frequency can often be measured where alcohol vapour pressures are too low for 
any association with acceptors to be detected. Thus an estimate can also be made of 
the hydrogen bonded frequency of the complex in the vapour phase.
The approximate half-intensity band-widths of Tables 2 and 4 allow some 
comparisons to be ma 1 In the vapour, most, but not all, association bands have 
1*1 / 2  larger than for the monomer; mainly for methanol is the reverse true. Probably 
the band-width arises from the sum of (a) rotational contributions from the hydrogen 
bonded complex and (b) “normal hydrogen bond broadening” related to the potential 
field in which the proton finds itself. The varying contribution of each, along with 
experimental uncertainties in the vapour phase, could well account for the compara-
F ig . 6. T he h a lf  in ten s ity  ban d w id th  o f th e  association b an d  in th e  v ap o ur p lo tted  
aga inst th e  frequency  sh ift in th e  sam e s ta te , illu stra tin g  th e  dependence o f th e  
slope on th e  class of p ro to n  acceptor.
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tive scatter of the vapour v1/2 values when compared with those in solution (Table 4). 
The half-width increased with increasing donor capacity (for any given acceptor) 
and was greater in solution than in the vapour.
Other workers have compared v1/2 values by graphing against the corresponding 
Av. The relationship v1/2 == JAv, summarizing [2S\ previous work is untenable in 
the vapour as demonstrated by the results of Fig. 6. Clearly the carbonyl acceptors 
form one group while the ethers another indicating that the slope is characteristic 
of the acceptor type. Similar slopes are obse ed for the corresponding groups of 
acceptors in carbon tetrachloride solution. These features have been demonstrated 
for amines associating with ketones and esters as one group and amides as another 
[24].
Vapour: Alcohols +  ketones, esters Slope ^  =  1-2 Ar
Alcohols +  ethers 0-5
CC14 solution : Alcohols +  ketones, esters M
Alcohols +  ethers 0-6
Amines +  ketones, esters 0-9
Amides +  amides4V 0-7
Most points would fall within ±20% of the estimates, so that each class of acceptor 
would overlap the next. These results reinforce a previously expressed view [24] 
that the role of the proton acceptor is probably related to the charge distribution 
around the oxygen atom.
[23] L. W. TTtt.t.tcn  and R. L. We r n e r , Spectrochim . A c ta  21, 1055 (1965).
[24] J. A. P ullin  and R. L. W er n er , Spectrochim . A c ta  21, 1257 (1965).
[25] G. C. P imentel an d  A . L . McClellan , The H ydrogen  B ond, C hap ter 3. F reem an  (1960).
A SURVEY OF CHEMISTRY COURSES IN THE AUSTRALIAN
UNIVERSITIES FOR 1965. Part 1*
By I. H . R E E C E , Associate
/. H. Reece is a graduate of the University of New South Wales and lecturer in 
physical chemistry, Chemistry Department, Wollongong University College.
He is actively interested in the presentation and structure of courses at the tertiary 
level. Mr. Reece is co-editor of A  C hem ical V iewpoint, prepared for school science 
teachers by Wollongong University College.
His research interests lie in the fields of infrared and ultraviolet spectroscopy, 
especially in application to studies of equilibrium processes.
The natu re  of chem istry  courses in  the A ustralian  
universities is of vital concern  to everyone associated 
with the chem ical profession. I t  has particu la r bearing 
upon the p resen t undergraduates and  all w ith w hom  
they associate in the fu ture, including the ir teachers 
and those engaged in  industry  and  o ther chemical 
activities. T he students of today  will be o ur future 
professional colleagues and  successors.
There will natu ra lly  be special in terest in those quarters 
concerned w ith the presentation  of courses and w here 
the bachelo r degree is a level of qualification, apart 
from  its educative function. F o r the Institu te, the 
requirem ents fo r this degree will generally represent 
the reference line fo r the m inim um  academ ic standards 
for A ssociate m em bership. F ro m  the standpoint of 
qualifications, it could  fairly be asked w hether the 
degrees aw arded  in  the universities are of equal weight, 
especially in  view of the general isolation of each 
establishm ent, geographically  and  academ ically.
This survey was in itia ted  to discover the degree of 
similarity o r otherw ise th a t m ay exist betw een the 
respective universities, w ith p articu lar reference to 
chem istry, and, if possible, to assess the  m ajor dif­
ferences in  structure, conten t and  standards. N o 
sim ilar review  of this natu re  seems ever to  have been 
published. W ithin the universities them selves there  is 
a continual need  fo r this type of inform ation, to  inspire 
ideas fo r the im provem ent of teaching and  fo r the 
m aintenance of standards in  a rapidly  changing environ­
ment. E m ployers, too, should  find useful m aterial 
throughout in  re lation  to the ir ow n varied  requirem ents 
and special interests.
The survey, how ever, has been  deliberately  restricted
* Presented to the Conference on the Teaching of Chemistry 
in the Universities (Newport, N.S.W., October 15-16, 1963) 
organized by the Federation of Australian University Staff 
Associations, supported by the Institute.
in scope, excluding for physical lim itations of space and 
tim e all courses o ther than  those fo r professional 
chemists. I t  is presented  in two parts, and  provides an 
analysis of the chem istry content over the  three years 
(P a rt 1) showing its p lace in  the science course from  
which it is draw n (P a rt 2 ) .  T o com plete the p icture, 
a detailed survey of the teaching organization  associ­
ated with these chem istry courses will also be included 
in P art 2. A ll the inform ation is presented  in detailed 
tabular form  to perm it extraction  of inform ation fo r a 
wide variety of purposes, such as teaching, qualifications, 
etcetera.
In  any chem istry curriculum  there is a certain  large 
com m on body of knowledge w hich it is essential to 
teach and to discuss, and w ithout w hich it is neither 
possible to develop a chem ical philosophy n o r to 
provide training in  its application. I t is this m ethod of 
developing a basic core of know ledge th a t gives rise 
to particu lar individuality in the respective schools of 
chem istry. To com pare two courses it is necessary to 
consider factors such as chem ical conten t and  depth  
of treatm ent, hand  in hand  w ith the student background 
at the stage of presentation. A  com pilation of lecture 
topics together w ith the num ber of hours lectured  is 
only a p art m easure, even if the lecture title has a unique 
meaning, w hich it rarely  seems to have.
F or the present purpose, and as a first approach , these 
intricacies have been avoided by consideration  of the 
courses in a m ore broadly  based  m anner according 
to the am ount of tim e devoted to  the various divisions 
of chem istry (physical, inorganic, organic and  ana­
lytical), both  for lectures and practical w ork. P roblem s 
arise even at this level w here som e of these disciplines 
are not recognized as distinct entities. T ables 1, 2 and 
3 refer to the first, second and th ird  years of the 
course, while Table 4 provides an analysis of each  course 
in term s of the to ta l tim e con ten t for each chem istry 
discipline.
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Data for the tables was obtained by direct communi­
cation with the respective schools, since information 
available from the formal printed literature distributed 
by the universities is extremely fragmentary. In order 
to collate and present the material in tabular form, for 
comparison in a common way, it has been occasionally 
necessary to constrain the data provided within the 
chosen format, but footnotes have been used for com­
ment as appropriate. Because of continual change in 
courses, it has been necessary to fix the time appropriate 
to these tables as the year 1965; several universities, 
notably Monash and Tasmania, are currently pursuing 
major alterations in curricula.
While these tables appear to paint a quantitative picture, 
care must be exercised not to extract from them 
information that was not intended. Figures are incap­
able of distinguishing between subtle differences in 
subject matter that lie on boundaries between the 
disciplines. Where some courses are, in fact, given 
in an integrated form, it has been necessary to make a
decision regarding the physical-inorganic-organic con­
tent of the course in question.
The Tables
The universities are arranged in alphabetical order, with the two principal colleges under the parent name. The same sequence is used throughout. Tables 1 to 3 indicate the way in which total formal time is utilized in respective sections of chemistry for lecture, practical and tutorial sessions for each university.
Any averages that might be significant have been indicated at the foot of each table. To take an average of, say, the amount of physical chemistry in any one year may of itself have little meaning because of the interdependence of both content and time from one year of the subject to another, as well as the inter­dependence of hours between various fields of chemistry within the one year, i.e., if there is a large amount of time allocated to physical chemistry, then the remainder (organic, inorganic, etcetera) may 
perhaps be smaller.
T a b l e  1 .
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i \ j  i / v L a
C H E M . I  
H O U R S§
78 36 18 24 — 3 78 54 24 — 26 182
3 78 36 24 18 — 4 104 68A" 36 t 26* 208
3 78 36 21 21 — 3 78 26 26 26 — 26 182
3 68 Integrated 3 78 Integrated 52 198
3 90 25 35 22 8 2 i 70 20 10 8 32 20 180
3 81 63 18 Í 4 108 76 32 t 27 216
3 90 55 20 15 — 3 90 18 18 27 27 — 180
3 90 55 20 15 .— 2 i 75 23 15 22 15 15 +  15* 195
3 87 29 29 29 — 3 78 18 24 18 18 25* 190
3 90 30 30An 30 t 3 90 30 30a11 30 t 30 210
3 75 30 20 25 — 3 78 —  63 15 — 20t 173
3 81 65 16 — 3 81 63 18 — 25 187
3 78 45 15 18 — 3 78 39 12 21 6 26t 182
82 lecture hours 83 practical hours c a  25 190
* optional.
§ including tutorials, 
t pre-laboratory sessions.
i  included in another division, which, if known, is indicated An.
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A n a l.
Chem
A delaide P C / I C 3 78 44 34 — t 6 156 78 78 — t 26 260
O C 3 78 — — 78 — 6 156 — — 156 — 24 258 518
A .N .U . C I I 4 104 52 26 26 — 8 208 56 72An 80 t 52* 364 364
M elbourne C I I A § 5 140 52 44 44 .— 7 175 35 84 56 _ 26 341 341
C U B 3* 88 45 10 33 ■— 7 175 35 84 56 .— 26 289 289
C I I C 4 97 45 26 26 — 7 175 35 84 56 — 26 298 298
M onash C U B 4 104 Integrated 6 15 2 Integrated 40 - 296
Newcastle C I I 4 120 30 30 30 30 5 150 37* 37* 37* 37* — 270 270
N ew  England P C I I 3 84 42 42 — — 8 224 112 1 1 2 _ , . 308
O C I I A 3 84 •— — 84 — 8 224 — — 224 — — 308 616
N .S . W . If A p p l. C I I 7 2 10 60 30 60 50 11 330 90 60 90 90 — 540 540
N .S .W . Sci. C I I ->2 107 35 18 39 15 5 150 37* 25 62* 25 13 270 270
W ollongong C I I 4 120 45 15 45 15 5 150 25 25 75 25 30* 300 300
Queensland C I I 4 120 40 30 40 10 6 168 42 63An 63 t 59* 347 347
Tow nsville C I I 4 120 40 40An 40 t 6 180 60 60An 60 t 20s 320 320
Sydney C I I 4 102 27 27 48 — 6 162 54 10 54 44 30 294 294
Tasm ania C I I 3i 90 30 20 40 t 5§ 150 38 37 75 t 20 260 260
A p p l. C I I 3 81 6 162 250 250
W estern C 2 0 4* 1 1 5 50 25 40 ■— 8 216 56 88 72 — 331
A u stralia C 2 1 4* 1 1 5 50 42 23 — 8 216 56 88 72 — —■ 331 331
M eans per Subject ................. 104 176 (30) 300
t included in another division, which, if known, is indicated An.* optional.
§ The “A” course is for honours students, pass students take “C” course (or to accompany other physical science), “B” course accompanies biological sciences. s seminars.
|  The University of N.S.W. provides two chemistry courses:













Table 3. DISTRIBUTION OF FORMAL HOURS IN  THIRD YEAR COURSES
UNIVERSITY
LECTURES PRACTICAL
TUTORIAL TOTALSSUBJECT Hours Hours Hours Hoursper Total Phys. Inorg. Org. Anal. per Total Phys. Inorg. Org. Anal. HOURS perSubject perDoubleWeek Hours Chem. Chem. Chem. ChemWeek Hours Chem. Chem. Chem. Chem
Adelaide PC/IC III 3 78 54 24 — — 12 312 156 156 — — — 390
OC III 3 78 — — 78 — 12 312 — — 312 — — 390 780
A.N.U. CIIIA 3 78 39 39 _ 12 312 132 180An* .— — — 390
CHIB 3 78 26 — 52 — 12 312 132 — 180 — — 390 780
Melbourne CIIIA§ 6 206 79 68 59 — 24 600 192 192 216 — ■ — 806 806
CHIB 3 78 19 8 51 — 12 288 84 60 144 — — 366
CHIC 3 78 31 25 22 — 12 300 108 96 96 — — 378
Monash2 cm 6 156 Integrated 12 312 Integrated 52 520 520
Newcastle cui 4 120 30 30 30 30* 8 240 60 60 60 60* — 360
elect 90 of elect 270 ofCHIN 3 90 30 30 45 15* 9 270 90 90 135 45* yes 360 720
New England PCIII 4 112 56 56 — — 12 336 168 168 - - .-- — 448
OCIIIA 4 112 — — 112 — 12 336 — — 336 — — 448 896
+ 30 elected + 90 of electiveN.S.W. Appi. Chem. 7 210 60* 30 60 30 15 450 90* 60 150 60 — 660 660
N.S.W. cm 5 150 60 30 30 30 9 270 60 60 90 60 — 420
+ 60 elected + 180 of elective
chi + cms 8 240 75* 35 35 35 16 480 90* 60 90 60 — 720 720
Wollongong cm 5 150 60 30 30 30 9 270 90 45 90 45 _ 420cm + ciiis 7 210 105* 35 40 30 17 510 265* 60 140 45 — 720 720
Queensland 6 units 4 120 40 40 40 .— 9 270 90 90 90 — — 390
to + 120 elected + 270 of elective to12 units 8 240 40 40 40 — 18 540 90 90 90 — — 780 780
Townsville CIII 6 units 4 120 40 40a" 40 t 9 270 90 90 90 t 30s 420CHID 4 units 3 80 27 27 27 — 6 180 60 60 60 260 680
Sydney CIII 4 108 36 36 36 ■— 7 192 64 48 64 16 — 300
+ 48 electedCIIIA 4 102 18 18 18 — 7 192 64 48 64 16 — 294 594
Tasmania2 CIII 3 81 27 27 27 — 12 324 108 108 108 _ 405
OCIII 3 81 271 — 54 — 12 324 108 — 216 — — 405
Appi, cm 3 81 — — — — 12 324 — — — — — 405 810
Western C30 5 í 67 ' 42 \ 75 >
24 — 85 — 8 208 208 320Australia C31 5 75 24 18 — 8 208 104 104 — — — 328
C30 + C31 7.2 184 75 24 85 — 16 416 104 104 208 — — 603 603
Average per major 100 270 370 or 740
* includes physical methods s seminars
t included in other divisions, location if known is marked An. t may be replaced by chemical physics or other organic chemistry.
§ see footnote § to Table 2. z new third year courses will operate in 1966.
First-year Courses
Of all years, there is probably the greatest degree of integration into a unitary chemistry in the first-year courses, so that some of the figures (Table 1), indicating the distribution into the various branches of chemistry, may be somewhat arbitrary. In general, three lectures per week are given, with three hours for practical work and one hour for tutorials. Most tutorials are optional but, despite this factor, they are provided for students to attend and have therefore been added into the grand total hours for the year.
A tutorial period provides the occasion for students and a member of staff to discuss difficulties in academic problems under relatively informal conditions, but such an ideal situation must and does break down under pressure of numbers in the larger universities. Students entering some establishments (e.g., Australian National University, Tasmania, Wollongong) are assigned to advisers, drawn from members of staff, whose duties are to assist the student in matters of guidance and personal problems related to his progress, especially for the first year.
The Universities of New South Wales and Western Australia give no tutorials, but only Western Australia and Sydney provide pre-laboratory sessions. Sydney would appear to be the only university not providing practical physical chemistry in first year.
Some departments have chosen to adhere to the inclu­sion of inorganic with physical, and in these cases only one time is given. The location of analytical chemistry is not always clear, but is indicated when known. The University of New South Wales has the only department of analytical chemistry.
Monash presents an interesting case in resisting the breakdown of its courses into the traditional sub­sections. Each year of the course is presented as a balanced whole, incorporating aspects of each chemistry discipline. This is a new departure in Australian universities, and is well worth consideration in the newly arising establishments as yet without well-worn 
tradition.





Lectures .... .... 75- 90 .... 82 3
Practical .... .... 70-104 .... 83 3
Tutorials .... .... 0- 50 .... 25 1
Totals .... .... 173-216 .... 190 7
Second-year Courses
Some second-year chemistry (Table 2) is divided into separate subjects for purposes of the science course, notably at Adelaide and New England. Both subjects would be taken by a student intending to major in chemistry. Western Australia provides two alternative subjects with differing weights of inorganic and organic chemistry. Commencing in second year, the University
of New South Wales provides two chemistry courses, 
the usual type of science course on the one hand and the pure chemistry course known as ‘Applied Chem­
istry’ on the other.
On the basis of time alone there are clear differences in both the subject matter and the depth at which it is treated. Part of the reason for this is apparent on reference to the course structure for Adelaide, New England and the University of New South Wales (Applied Chemistry), as each offers a double chemistry, or its equivalent, from the second-year level. With this factor taken into account, the time allocated to each chemistry subject is perhaps the better figure for comparative purposes.
The majority of, but by no means all, universities give tutorials in second year, so these have been excluded from the average total hours for each subject (280 hours). (Incorporating tutorials, the average given 





Lectures ............................  78-140 104
Practical ............................. 150-224 176
Tutorials ............................. 0- 60 —
Average total (excluding tu to r ia ls ) .............. .. 280
Third-year Courses
Most third-year subjects (Table 3) are arranged in two parts with a compulsory strand (the first major) and a second strand in which the student may make a limited choice (second major). A general feature is the division into smaller units of subject matter by all but three universities (Adelaide, A.N.U. and Melbourne). Wider general use of this system is made by Western Australia and Queensland in particular. The range of hours varies so widely as to reduce the significance of averages.
Third-year Sum m ary 
(hours per major)
Range A verage
Lectures ............................. 60-150 100
Practical ............................. 180-336 270
Tutorials ................  .... few —
Average time per major .. 370
The notable feature of third-year courses is that students spend from 90 to 100 percent of their time attending chemistry classes. The only exception would be for a student undertaking an interdisciplinary combination such as Chemistry III and Physics III, but such programmes appear to be uncommon.
Although there would be a substantial amount of subject matter common to all universities and which would generally be considered essential in third year, many such courses hinge to a large extent on the interests of individual members of staff. This state of affairs
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Table 4. DISTRIBUTION OF TOTAL HOURS OVER CHEMISTRY SUBDIVISIONS^:
U N IV E R S IT Y  c H E ™ H O U R S
T O T A L  T IM E
Phys. Inorg. Org. Anal. Tutorial 
Chem. Chem. Chem. Chem. etc.
Adelaide 182 I
518 I I  
780 I I I
I h-òO
L  134 L  76 L  180 
P 261 P 261 P 492
395 337 672 —  76
A .N .U . 208 I
364 I I  
780 I I I  
1352
L  153 L  89A L  96 in IC  
P 354 P 286 P 296
507 375x 392 78
Melbourne 182 I  
(A-course) 341 I I
806 I I I  
1329
L  167 L  133 L  124 
P 253 P 302 P 298
420 435 422 — 52
Monash 198 I
296 I I  




270 I I  
720 I I I  
1170
L  107 L  1 17  L  116  L  80 
P 187 P 178 P 206 P 163 
294 295 322 243x 2 0 +
New England 216 I
616 I I  
896 I I I  
1728
L  130 L  129 L  214  
P 318 P 318 P 592 
448 447 806 —  27
N.S.W . 180 I  
(Applied Chem.) 540 I I
660 I I I  
1380
L  182 L  87 L  143 L  88 
P 220 P 160 P 290 P  200
402 247 433 288 0
N.S.W . 180 I  
(Science) 270 I I
720 I I I  
1170
L  180 L  88 L  104 L  65 
P 190 P 148 P 225 P 157
370 236 329 222 13
Wollongong 195 I
300 I I  
720 I I I  
12 15
L  205 L  70 L  100 L  45 
P 313 P 100 P 237 P 85
5 18x 170 337 130 60
Queensland 190 I
347 I I  
650 I I I  
1187
L  136 L  126 A  L  136 L  10 
P 210 P 237 P 231 P 18
346 363 367 28 84
Townsville 210 I
320 I I  
680 I I I  
12 10
L  137 L  13 7 A  L  137 
P 240 P 240 P 240
377 377 377 —  80
Sydney 173 I
294 I I  
594 I I I  
1061
L  127 L  117  L  143 L  —
P 182 P 169 P 197 P 76
309 286 340 76 50
Tasmania 187 I
260 I I  
810 I I I  
1257
L  103 L  79 L  150 
P 232 P 176 P 471
335 255 621 — 45
Western 182 I  
Australia 331 I I
603 I I I  
1 1 1 6
L  170 L  64 L  143 L  -  
P 199 P 204 P 301 P 6
369 268 444 6 26
Average 1270 L  149 L  101 L  137  
P 243 P 2 12  P 314
392 313 451 — 54
t collated from Tables 1, 2 and 3. Where there are elective units the time has been “averaged” and distributed over each division. 
One variable among many is the location of “physical methods”, often in analytical, often in physical; “analytical” is often 
included in either physical or inorganic. A. =  known location of analytical content
L  =  lecture hours x =  known location of physical methods
P =  laboratory hours I, I I ,  and I I I  refer to those specific years of the chemistry course.
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arises because, at this level, it is scarcely possible for any one lecturer to spread himself across many fields of chemistry at an adequate depth. Whereas in first and second years the method of teaching is organized to give a comprehensive understanding of basic chemistry, the approach generally used in third year is different and involves consideration of fewer fields at very much greater depth, in order to demonstrate the application of chemical philosophy to real problems. Such methods are applied more freely and extensively in honours and subsequent years.
On this basis, it is not surprising to find such variation in third-year hours. It also becomes quite impossible to compare the content and standards as these will change according to personal shifts in emphasis and methods of teaching, sometimes associated with the process of keeping pace with recent developments in 
the subject.
A Course Summary
Table 4 details the total time, within each three-year course, that is devoted to the respective subdivisions of chemistry for a student progressing to a double chemistry major. The second column shows the total chemistry hours in each year and for the whole under­graduate course, while in the remaining columns are the total hours for lectures and practical in each branch of chemistry, along with the total number of tutorials in the seventh column. The average total hours are 
presented in the last row.
T o t a l  C o u r s e  S u m m a r y
R a n g e A v e r a g e
(hours) (hours)
Physical chemistry .. . .... 294-518 392
Inorganic chemistry .... .... 170-447 313
Organic chemistry .... .... 322-806 451
Analytical chemistry .. .... Scattered —
Total hours ................ .... 1014-1728 1270
This table provides the most ready comparison of all courses listed. The time spent on chemistry for the award of a bachelor degree varies over the wide range 1014-1728 hours. This would clearly be a useful table for students choosing to acquire a pass with the minimum of effort. Information on such matters, how­ever, is incomplete without reference to the course 
structures to be presented in Part 2.
The average values correspond to a reasonable balance between physical, inorganic and organic chemistry. Comparison is somewhat clouded in comparing those 
universities with and without substantial amounts of analytical chemistry, but one wonders as to fhe necessity for the very heavy weighting of organic chemistry in several cases. All of these features raise queries as to the desirable amount of time required to train a chemist, and suggest that in these more educationally enlightened times a new assessment of these factors 
is due.
This survey has shown that a variety of professional chemistry courses exist within the Australian universities. From the point of view of time, and hence content and depth, they can hardly be said to be equal, but it is possible that on an educational plane and from the point of view of scientific attitude there could be a common standard. Factors of this kind defy measurement, but it is just possible that the pattern of the course, rather than the content, could be the real issue, with two years of broadening in chemistry followed by the third in which a restricted number of topics is treated at depth. Such a premise also has implications relating to the desirable length of a course. It becomes clear that here lies a field needing both consideration and experimentation.
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(Part 2 of this article will be published next month.—Ed.)
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THIRD N A T IO N A L CONVENTION
CANBERRA— AUGUST 15 to 20 inclusive
•  Are you content with the present pattern of education in Australia as it relates 
to our profession ?
•  Are enough chemical technologists being trained to ensure the survival of the 
Australian chemical industry for the rest of this century?
•  For what will we, in Australia, use all the Ph.Ds in pure chemistry that we are 
producing ?
•  Lord Todd considers that we need two to five technicians, that is, competent 
trained support staff, for each professional chemist and that insufficiency of 
them will adversely affect our applied chemical developments early in the 1970s. 
Will your work be retarded as a result ?
•  To provide food and clothing for the greatest number, the most effective Austral­
ian land use would involve a drastic reduction of our animal population, both 
cattle and sheep, and its replacement by crops providing carbohydrates, fats and 
proteins for foods and cotton for clothing. Do you think this would be good?
•  Lack of water already limits primary production in Australia, but it may easily 
affect you during your professional working life. What is being done about it?
•  It is claimed that the sale to oversea interests of some of our minerals, either raw or 
after beneficiation, is making Australia a quarry for the rest of the world. Can 
sufficient domestic capital and talent be mobilized to ensure that the chemical 
metallurgy of these minerals is carried out in Australia, the resulting products 
sold at somewhat near their proper world prices and the profits retained in Aus­
tralia ?
You have already received the preliminary notices and registration forms and know 
of the seven symposia, on a wide variety of chemical topics, being held prior to the 
Full General Sessions.
The points mentioned above are but a few among the many important topics that will 
be considered at the Full General Sessions of the Convention, which will be opened 
by His Excellency the Governor-General at 10.00 a.m. on Friday, 19 August.
These matters concern you. Make sure of your participation by registering now. 
Additional registration forms are available from your Branch or Divisional Secretaries, 
or from the Registrar, 55 Exhibition Street, Melbourne, C.I., Victoria. Telephone 
63-5218.
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1. H. Reece is a graduate of the University of New South Wales and lecturer in 
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level. Mr. Reece is co-editor of A  C hem ical V iewpoint, prepared for school science 
teachers by Wollongong University College.
His research interests lie in the fields of infrared and ultraviolet spectroscopy, 
especially in application to studies of equilibrium processes.
In  the first p a rt of this survey! an  analysis was m ade of 
the tim e devoted  to various aspects of chem istry in 
the p rinc ipal science courses. In  this concluding section, 
details of the  course structures are presented  so tha t the 
am ount of tim e devoted to chem istry m ay be placed 
in perspective w ith the w hole degree course. A s before, 
a ttention  is focused on those subject com binations 
leading to  the p ro duction  of a professional chemist. 
W hile m ost students will progress only as fa r as the 
pass degree, som e will p roceed  to honours and to 
h igher degrees. In  general, how ever, it w ould be 
reasonable to consider the course prescribed for 
honours as being the app ropria te  professional course, 
irrespective of w hether it is term inated  after three  
years (p ass) o r after four years (h o n o u rs). T he only 
exception is the case w here honours candidates m ust 
study a t a separate , h igher level. Before any degree 
program m es are review ed, therefore, it is necessary 
to com pare the  requirem ents fo r the honours year in 
each university, as it will be seen th a t these set the 
course p attern .
T he tables are arranged  as in P art 1, w ith the 
universities listed in alphabetical o rder and the two 
principal colleges (W ollongong and Tow nsville) under 
the p a ren t nam e.
* Presented to the Conference on the Teaching of Chemistry 
in the Universities (Newport, N.S.W., October 15-16, 1965) 
organized by the Federation of Australian University Staff 
Associations, supported by the Institute, 
f Proceedings, June 1966, p.141.
Requirements for Honours
A  high o rder of uniform ity  w ould appear to  exist. 
T he principal feature a t variance is the num ber of 
lectures presented  a t this level; as the provision of 
lectures is a  recent venture, the variation  is perhaps 
no surprise. W hile the norm al prerequisite  is a double 
chem istry m ajor, T able 1 shows th a t one chem istry 
plus one o ther m ajor is also acceptable. In  m ost 
universities, the m inim um  prerequisite is a high grade 
of pass in  the pass-undergraduate course; in  others, 
the honours students progress through honours classes 
com m encing in the first o r second year ( e .g ., M el­
b o u rn e ), bu t universities operating  on  the la tte r 
schem e w ould also lose prospective honours candidates 
from  students w ho develop during the ir pass course if 
there were no appropriate  bridging m echanism  betw een 
the two levels. A t Sydney, even C hem istry  I I I  is n o t 
an absolute prerequisite, as the footnote to  T able  1 
explains.
To sum m arize, from  one to three lectures a w eek are 
given and exam ined along w ith som e technical reading 
ability in a foreign language. A s m uch tim e as p rac tic ­
able is spent in  the laborato ry  and  is d irected  tow ards 
the production  of a  thesis em bodying the  research  
carried  out. Some universities require  an oral d is­
sertation  on  this subject m atte r in the belief th a t a 
chem ist should be capable of expressing his thoughts 
to his colleagues. A  com parison  of standards w ould  
be very difficult, bo th  fo r form al and  thesis m aterial, 
because of w ide differences in the ex tent of special­
ization a t this level.
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With the honours prerequisites established, a large part of the student’s course is defined in terms of the sequence of majors. Before these remaining subjects are considered, it is necessary to examine first the distribution of subjects over the three years of each course.
Science Course Structures
Table 2 gives the total number of whole subjects or equivalent aggregate of units (column 2), together with their distribution over the three years (column 3), in terms of the year of standing of the subject. For example, 5-3-1  signifies that 5 first-year subjects, 3 second-year subjects and 1 third-year subject have been undertaken in a given course. However, only four of the first-year subjects would be taken in the initial year of study, the fifth one being taken subse­quently. As the honours requirement is for two third- year majors, we shall concern ourselves largely with such sequences. Students proceeding to a teaching career would perhaps be typical of graduates with only one major in the 5 -3 -1 -type course. While no claim of completeness is made for Table 2, column 3 contains the most usual subject combinations in the universities. The non-chemistry loading can now be considered.
Subject- and Time-distribution in Courses
The formal time spent in various subjects of the science courses is indicated in Table 3, where the subject abbreviations are listed in the footnote. Under the name of each university appears the likely subject grouping for a chemistry student undertaking a double
major. The hours for individual subjects should not be read too literally, as many are taken from timetables and handbooks that do not always reflect the true state of affairs, but they certainly show the order of time.
All universities insist on four first-year subjects as a minimum, normally chemistry, physics and mathe­matics, with the fourth as an elective. Naturally these are prerequisites for the subsequent course. For Chemistry II, common prerequisites are Chemistry I plus either one of or both Physics I and Mathematics I; Chemistry II is prerequisite for Chemistry III, as for any other sequences. Biochemistry I, however, is a second-year subject, with appropriate prerequisites drawn from the first-year level. With these data in mind, the total hours for each year and for the whole course may be evaluated. Where electives include extra mathematics, the total hours often are fewer. Choice of differing subjects may also produce other values for the total hours. The University of New South Wales Applied Chemistry is more or less a set course, hence its hours are comparatively rigid.
The two eight-subject courses (Melbourne and A.N.U.) have totals at the lower end of the range (ca 2100 hours), but there are nine-subject courses of about the same duration, extending up to 2400 hours as a maximum.
From the point of view of the way in which the students are loaded, this is a very important table. Lecturers in one department often lose sight of their students’ obligations to others. There must surely be some endurance limit to the physical and mental capacity of the average student and, referring to the
Table 1
R E Q U IR E M E N T S  F O R  H O N O U R S










Adelaide 2 Chem. 54 all time W  & O Yes Desirable No
A .N .U . 1 Chem. +  1 other 48 all time W  & O Yes 1 No 1 seminar
Melbourne 2 Chem. 52 all time 2W Yes 1 No
Monash 1 Chem. +  1 other 104 Yes Yes German No
Newcastle 1 Chem. +  1 other 60 > 2 4 3W Yes No No Research
topic




Science: 1 Chem. +  1 other 45 > 2 0 W  & O Yes German 60 hours Research
Appl. Chem .: 3rd Year Appl. Chem. all time topic




Queensland 1 Chem. +  1 other 16 all time W Yes 1 N o 1 or 2
(6 units) +  12
optional
seminars
Townsville 1 Chem. +  1 other N o all time Yes Yes 1 N o
Sydney 1 Chem.** +  1 other 45 all time 2W Yes 2 N o
Tasmania 1 Chem. +  1 other 60-70 24 3W Yes 2 N o
Western 1 Chem. 75 P C /IC all time 2W  & O Yes German N o
Australia 50 O C or
Russian
* Usual requirement is for chemistry as the second major, but Maths I I I ,  Physics I I I ,  etcetera, frequently acceptable.
** Chemistry I I I  is not an absolute prerequisite; students with Chemistry I I  and, for example, Physics I I I  and Mathematics I I I  
are from time to time admitted.
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extreme right hand column of Table 3, one wonders 
how some of the higher figures, in particular, might 
be related to this limit. It should be remembered that 
these are the formal hours after which it is necessary 
to find time for study. The University of Western 
Australia appears to be the only one to have experi­
mented with this quantity, having deliberately reduced 
the total hours from some high figure to the lowest in 
this list, along with some rationalization of content.
Universities with a total in excess of 800 hours in 
second year would seem to be imposing a rather heavy 
load upon their students. This may possibly be the 
outcome of three different departments attempting to 
do justice to their own courses at this level within the 
framework of a 4-3-2-type pattern. Furthermore, with 
reference to chemistry, Tables 2 and 3 in Part 1 
generally show a ratio of lecture to practical time 
greater in second year (104:176) than in third year 
(100:270). If this were also true in second-year 
subjects other than chemistry, then a further source 
of excessive load could be located by calculating on 
the assumption that the amount of examinable material 
is proportional to lecture time. Third-year loadings 
may not be so demanding in the same sense because 
of the greater proportion of time devoted to practical 
chemistry.
Quite naturally, the training in chemistry must be geared 
to and closely integrated with that in adjacent fields.
A certain amount of both physics and mathematics 
seems now to be regarded as fundamental to the needs 
of a chemist, while familiarity with other subjects not 
so selectively chosen would also seem desirable. For 
membership of the Institute similar minimum require­
ments have been laid down, involving one year of 
mathematics, one year of physics, and one strand 
(major) of chemistry amounting to 50 percent of 
the time in the third year. It is of interest to note the 
time variation in each of these three subjects over the 
range of universities, as they all comply with the 
regulation (Table 3 ).
C h em istry  Staff an d  S tu den ts
The author is greatly indebted to Dr. I. G. Ross 
(Chemistry Department, University of Sydney) who 
conducted the survey of teaching loads summarized 
in Table 4.
No evaluation of the course structure of Australian 
chemistry departments would be complete without some 
description of the scale of the teaching operation 
involved, and of the staff available to carry it out. 
Appropriate statistics are given in Table 4 for the year 
1965. The figures are detailed because although nearly 
adequate staffing figures are given in official statistics, 
student numbers in chemistry are not.
Student numbers are counted in two ways. Gross
Table 2
T H E  S C IE N C E  C O U R S E  S T R U C T U R E S : D IS T R IB U T IO N  O F  U N IT  S U B J E C T S  B Y  Y E A R
UNIVERSITY NUMBER OF WHOLE UNIT SUBJECTS PRINCIPAL COMBINATIONS COMMENTS
Adelaide 9 4-3-2
A.N.U. 8 4-2-2
Melbourne 8 4-2-2 Chem. IIIA is a double chemistry.
Plus science language, 
26 hours.
Monash fractional unit subjects
5-2-  11 and other
)• combinations 
4 — 3 — 2j of units
May be unfair comparison 
due to variable weighting 
of subjects.
Newcastle 9 4 - 3-25 - 2-2
Plus 150 hours of human­
ities or equivalent Arts 
subject.
New England 9 4 - 3-25 - 2-2
N.S.W. and 
Wollongong
9 4 - 3-25 - 2-2 
5-3-1
Plus 120 hours of human­




28 units -  
fractional unit 
subjects
8-8-6 plus 6, but 
only 2 from 1st year 
8-10-4 plus 8 from 
any year
Subjects weighted from one 
to four units.
Sydney 9 or 10 4 - 3-25 - 4-1
Tasmania 9 4 - 3-25 - 2-2
Western
Australia
9 from fractional 
unit subjects
4 - 3-2
5 -  3-1 
4-4-1
Many units in 3rd Year.
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Table 3. SUBJECT- AND TIME-DISTRIBUTION IN SCIENCE COURSES: TABLE OF FORMAL HOURS
U N IV E R S IT Y  
A N D  T Y P IC A L
Y E A R  I Y E A R  I I Y E A R  I I I G E N E R A L  T O T A L S t
D IS T R IB U T IO N  
O F  U N IT S  B Y  












Adelaide 182 156 130 G  182 260 258 B C232 390 C  390 650 750 780 2180
Z  182 P C /IC O C  M  104
4 - 3 - 2 P 232 BC364  
M  156
P 338
A .N .U . 208 150 125 B o l75 364 B 300 390 C  390 660 660 780 2100
G  150 G  300
4 - 2 - 2 Z  175 M  125 B 300
P 250 G  400 
P 475
Melbourne 182 182 104 B 182 341 BC300 806 — 650 600 806 2060
E  182 (289) G  260 O R
4 - 2 - 2 G  156 (298) P 260 366 BC286
G g l56 Ps 230 378 G  420 
M  130  
P 300
Monash 198 143 104 B 156 296 P 286 600 —
Newcastle 180 180 180 E  180 270 G  270 360 C  360 720 900 780 2400
G  180 plus M  150
4 - 3 - 2 G g l5 0 H90 P 270 plus G  360
Psl20 H60 M 150 
P 360
New England 216 180 112 G  162 308 308 G  243 448 C  448 680 880 896 2360
Z  180 M 168
4 - 3 - 2 P 260 G  270
Py 300 M  112
Z  295 P 350
N.S.W . 180 180 180 B 180 540 H70,P90,M 120 C660, Ac90 720 820 810 2350
(Applied E  180 plus H60
Chemistry) G  180
N.S.W . 180 180 180 B 180 270 B C  270 420 C  300 720 840 780 2340
(Science) E  180 plus H60 G  270 plus
4 - 3 - 2 G  180 P 240 H60 G  390
(Wollongong
Psl50 M  150 M  150 
P 360
similar)
(unit weight) (2) (2) (2) (2) (4) (3) (4) (6) (4)
Queensland 190 203 145 B ol74 347 and M l 30, P348 390 C  260 710 900 650 2260
G  174 or
8 -10 -10  units Psl74 (2) (4)
(Townsville
Z  174 BC232,Z290 390 BC260
similar)
Sydney 173 168 140 B 168 294 BC252 300 C  294 650 800 600 2050
G  168 G  252
4 - 3 - 2 Psl68 M  224 BC450
P 252 G  364 
M  196 
P 336
Tasmania 187 162 162 B 162 260 B 260 405 B 405 670 780 810 2260
G  162 G  260 M  405




Western 182 150 125 B 175 331 B C 12 5 320 C  328 630 590 600 1820
Australia G  163 G  137
Py 125 C  double 603
4 - 3 - 2 P 100 
M  125
S U B J E C T  A B B R E V IA T IO N S : A c  Applied Chemistry (industrial); B Biology; Bo Botany; B C  Biochemistry; C  Chemistry; 
E  Engineering; G  Geology (excluding excursions, etcetera); G g Geography; H  Humanities; I C  Inorganic Chemistry; L  Foreign 
Language; M Mathematics; O C  Organic Chemistry; P Physics; P C  Physical Chemistry; Ps Psychology; Py Physiology; Z  Zoology.
* “Other” subjects were chosen on the basis of suggesting the 
amount of time allocated to this category rather than the choice 
available (which is largely incomplete in any case).
t Totals are generally maximum hours —  clearly a variable 
quantity depending on choice of subjects. Courses incorporat­
ing year I I  or I I I  mathematics invariably have fewer formal 
hours.
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Table 4. CHEMISTRY STAFF AND STUDENTS IN AUSTRALIAN UNIVERSITIES, 1965a b c
UNIVERSITY N.S.W. Syd. Melb. Qld. Adel. W.A. Monash Tas. A.N.U. New New- N.S.W. Qld. N.S.W. TOTAL(Kens.) (Bris.) (S.G.S.) Eng. castle (W gong) (T’viiie) (B.Jtuii)
Staff
Professor* 4 3 3 3 3 2 3 1 1 2 1 — 1 — 27
Assoc.-prof./
Reader* 8 7e 2 2 1 1 — 3 2 1 1 1 — — 29
Sen. Lect./Lect.* 32 20 24 15 22 13 15 6 6 6 8 5 5 3 181
Subtotal (A) 44 30 29 20 27 16 18 10 9 9 10 6 6 3 237
Full time cLect.* 17 21 9 19 4 3 10 6 5 13 1 1 2 — 111
Part time
400 hours8 55 31 36 2 31 14 8 5 6 1 3 3 2 — 197
Subtotal (B) 72 52 45 21 35 17 18 11 11 14 4 4 4 — 308
Total (A+B) 116 82 74 41 62 33 36 21 20 23 14 10 10 3 545
Students Enrolled
Year I 1980 1754 1050 1264 1015 574 520 253 183 193 192 110 144 20 9452
II 551 335 250 393 340 163 76 67 39 25 48 30 13 9 2339
III 127 132 80 99 143 50 7 22 21 10 19 10 15 4 739
IV+
M.Sc. Qual. 10 28 30 19 16 24 7 11 4 6 6 1 3 — 165
Postgraduate 135h 50 60 31 50 43 27 15* 14 13 6 5 2 — 451
Total 2803 2299 1470 1806 1564 854 637 368 261 247 271 156 177 33 12946
Effective full­time students (EFTS)
Year I 435 439 263 293 253 144 130 63 47 48 48 28 34 4 2229
II 225 115 125 136 113 63 28 22 20 8 12 11 5 3 886
III 71 74 55 63 71 38 7 7 11 5 11 8 13 4 438
Subtotal (U) 731 628 443 492 437 245 165 92 78 61 71 47 52 11 3553
Year IV and
M.Sc.-qual.j 15 42 45 29 24 36 11 17 6 9 9 2 5 — 250
Postgraduate* 277 150 180 93 150 129 81 35 42 39 18 15 6 — 1215
Subtotal (P) 292 192 225 122 174 165 92 52 48 48 27 17 11 — 1465
Total (U+P) 1023 820 668 614 611 410 257 144 136 109 98 64 63 11 5028
Student: StaffRatios
U/A 17 21 15 25 16 15 9 9 9 7 7 8 9 4 15.0
U/(A+B) 6 8 6 12 7 12 5 4 4 3 5 5 5 4 6.5
P/A 7 6 7 6 6 10 5 5 5 5 3 3 2 .-- 671
(U+P)/A 23 27 23 31 23 26 14 14 15 12 10 11 11 4 21.2
(U+P)/(A+B) 9 10 9 15 10 12 7 7 7 5 7 6 6 4 9.2
Technical staffk 22 111 21 15 6* 10* 12 7 8* 3* 3 m H m 122
a. Source: Data supplied by members of departments.
b. Excludes A.N.U. (Institute of Advanced Studies), Flinders, 
Macquarie and La Trobe Universities.
c. Data apply to various dates in the first half of 1965; student 
enrolment figures normally decline during the course of 
each year.
d. Includes positions temporarily vacant.
e. Includes one Director of First-year Studies.
f. E.g., Senior Tutors, Teaching Fellows, etcetera. Some of 
these also appear in the table as postgraduate students.
g. The figure of 400 hrs./year of part-time staff was the figure 
most widely offered for the teaching equivalent of a full­
time staff member.
h. Includes 64 part-time M.Sc. students.
i. Includes 5 part-time M.Sc. students.
j. Fourth-year and M.Sc.-qualifying students counted as 1* 
EFTS, part-time M.Sc. students as 1 EFTS, Ph.D. and full­
time M.Sc. students as 3 EFTS.
k. Professional and technical officers 33, glassblowers 25, work­
shop staff 44, electronics 13, librarians 6, other 1.
m. Shares communal college facilities.
Proceedings, July, 1966 169
enrolments are recognized as a misleading index of teaching loads, since chemistry may be only one of a number of subjects taken by any one student. Hence the concept of Effective Full-time (undergraduate) Student (EFTS).
Suppose a full-time undergraduate student takes a chemistry course which comprises two-fifths of his total obligation for the year in which he is enrolled; such a student is reckoned as 0.4 EFTS. A part-time student taking the identical course (and perhaps nothing besides) is also counted as 0.4 EFTS; however, a part-time student enrolled for a degree with a chemistry content, but who happened in 1965 not to be taking a chemistry course, is reckoned as zero EFTS. Because of differences in course structure in different universities, and the existence of options within any year, the factors by which EFTS figures are less than total enrolments are rather variable, and cannot be predicted a priori. It is widely accepted that honours and postgraduate students make heavier demands on staff than under­graduates; such students are therefore weighted as more than one EFTS (see footnote “j” of Table 4).
From figures of this kind various student to staff ratios can be extracted. In Table 4 the universities have been arranged in decreasing order of teaching commitment (total EFTS: the total labelled U +  P). This arrange­ment discloses a rather orderly progression in student to staff ratios as well.
The ratio U /A  (undergraduates to lecturing staff) varies roughly threefold between the largest universities and the smaller ones; the trend is less marked in the ratio U /(A  +  B) (undergraduates to total teaching staff), thereby showing the increasing dependence of larger universities on part-time staff. By the standards of these ratios, the ratio P /A  (postgraduate students to potential supervisors) is much more uniform.
The most important student to staff ratios, however, are those which take account of postgraduate and undergraduate jointly: the ratios (U +  P )/A , or if part-time staff are included, (U +  P ) /(A  +  B).
There is not much satisfaction to be gathered from these figures —  or at least from the figures for the six larger universities, who handle 80 percent of students —  but the disputes on this score are better conducted in another place. What is relevant in the present context is an appreciation of just what these very dif­ferent class sizes and very different staffing ratios imply in practice. The strength of a large university depart­ment is the range of interests available on tap among its staff members, and the stimulating vigour which should appear in a large research school. In a small university these factors are conspicuously absent, perhaps because it would seem essential to have a certain minimum number of staff, irrespective of student numbers, in order to provide an adequate teaching coverage of chemistry, with the result that research interests are widely scattered, but student to staff ratios are very favourable. Undergraduates may or may not appreciate these points. One suspects that they do not. While large classes may be as efficient as small ones at the time of lecturing, the opportunities for personal contact with the lecturer can be reduced
near to vanishing —  a source of no small concern to students when the subjects are advanced ones, and presentation of them necessarily idiosyncratic. Tutorials are possible palliatives, but the kind of personalized tutorial system which can be sustained in a small depart­ment is all too demanding of staff in the larger ones. Practical work, likewise, takes on a special flavour when it must be mass produced.
Naturally, there are some advantages in large groups; in a large class the number of very able students is greater and their interaction with each other commonly sets a standard which pulls the whole class up. It is nevertheless hard to believe that the staffing ratios quoted in Table 4 do not constitute a strong advertise­ment for the smaller departments, from the viewpoint of the average undergraduate. Employers, also, no doubt recognize that the intentions of a teaching system may well be unrealizable when classes are so large that the lecturer who provides a reference may have no personal recollection of his graduates.
The final row of Table 4 summarizes technical staff. University research workers commonly contend that a shortage of technical support leads to inefficiency of a high order. A total of 122 technicians to support a total of 545 staff members plus research students would seem to support this cri du coeur.
Uniformity or Diversity?
While most comment in both Part 1 and Part 2 has been associated with deviations from the general course patterns, this is not to suggest that uniformity should prevail. What these differences do raise are questions as to why such variations exist, not with the intent of making the courses more comparable, but of sug­gesting that the universities should re-think and re­substantiate their arguments for having them so.
While each university expects to retain its individuality, there would appear to be common problems that could well be studied to mutual advantage on a cooperative basis between the universities; such problems are of a chemical educational nature and those which arise from this survey alone might well be approached jointly, utilizing the individuality of each institution both from the point of view of differing experience and for future experimentation. For example, there are questions relating to (1) the desirable length of a course; (2) the effect of pattern (units or whole subjects); (3) efficiency of teaching; (4) the proportion of lecture to practical time; (5) the integration of courses, and so forth. There would also seem to be a need to establish principles in this area, especially in view of the rapid expansion of scientific knowledge.
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